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ABSTRACT 


Thia report was written to provides « summary of the cutreni status of the knowi- 
edge of radome design. It is intended to provide scientists and engineers working 
on radomes with a concise reference containing most of the information they will 
need. Topics covered include electrical theory, design, and measurements; organic 
and inorganic materials fabrication; rain erosion; and the effecta of temperature, 
stress and aerodynamic factors. A comprehensive bibliography is included. 
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findings or conclusions contained herein. It is published only for the exchange and 
stimulation of ideas. 
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PREFACE 


Before continuing to the text, the rsader should know why this handbook has been 
published, and the reasoning behind the scope and technical level of the material 
contained herein. 


The interest in the field of radomes has undergone a broad expansion in the last 
several years. Along with this expansion of interest, a large number of groups 
studying the radome problem have arisen in industrial and research organizations 
in many parts of the country. It was soon realized by members of these groups and 
by Government organizations, that the individual radome engineer was relatively 
isolated. This was due to insufficient regular meetings with his colleagues, and the 
lack of full dissemination of written reports pertaining to his field. The interest in 
the ONR Radome Symposium in Washington, D. C., in June 1953, clearly displayed 
that the coordination of Radome Research and Development being conducted through- 
out the country was badly needed and desired. 


In early 1955, a decision was made by the Air Force and the Navy to remedy this 
situalion, First, a system of regular, yearly Symposia was set up. These Symposia 
enable the full and free dissemination of technical information on radomes, by the 
presentation of papers, personal contacts, and the publication of proceedings, 
Second, to fulfill the need for a contemporary reference on radomes, the existing 
"Radome Encineering Handbook," AMC Manual 80-4 was reviewed, and the program 
to publish a mode cn one started by the award of a contract to the McGraw-Hill 
Book Company, 


This Handbook has been written expecting that tne majority of the scientists and 
engineers working on radomes are academically trained physicists, mathemati- 
cians, and electrical engineers. This decision was not meant to de-emphasize the 
fine contributions made by workers in the fields of materials, structures, and aero- 
dynamics, but meant to insure that the handbook will be of maximum benefit to the 
majority of workers on radomes. Therefore, throughout the handbook, it is assumed 
that the readerhas a degree in Jlectrical engineering, physics or mathematics, with 
some knowledge of plane wave theory. Asa result, the sections on materials, rain. 
erosion, structures, and environment, are written to be informative and educational 
with the understanding that each subject would require a complete text in itself. 


This Handbook should give the new engincer a well grounded background in the 
field of radomes, and give the experienced eugineer a compleie reference to rely 
upon. . 


The only purpose of this report, und its reason for cxistence, is service to the 
Government and to the rudoine industry. Only by seceiving comment, both favorable 
and unfavorable, from the reader will we be able to find out how well this has been 
done. Criticism is earnestly solicited and should be addressed to the issuing 
agency. 


W. H. CROSWELL 
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ORIGIN AND 


HISTORICAL DEVELOPMENT OF RADOMES 


1-1, Introduction 


In any treatise on a technical subject of this 
type, especially where it is intended for new 
men in the field as well as for the experienced, 
it ig appropriate tooutline some of the historical 
developments that brought the field to its pres- 
ent state. In this chapter, an effort is made not 
only to trace the significant stages of radome 
development, but to tie them in along the way 
with the corresponding developments in radar, 
particularly during World War , By this 
means, the logical time scale of events will be 
seen, starting at the poiut where microwave 
radar, with its need for radomes, first came 
under serious consideration, 


1-2. Relations to VHF Radar 


Airborne radars of the premicrowave period 
were of the VHF type and operated with exter- 
naly-mounted Yagi, or other dipole-array 
radiators requiring no radomes, These an- 
tennas served well in the early installations on 
the relatively slow-speed aircraft of that day, 
It was early realized, however, that the available 
antenna gains and resolution capabilities of 
practical airborne dipolewarvay antennas were 
so limited at the frequencies used (VH*), thai 
an early shift to the use of microwave frequen- 
cies was indicated, Because of the unavailability 
of signal generators capable of producing 
microwave-pulsed signals of the required power, 
this shift to the microwaves was delayed. 


1-4, Origin of Radome Problem 


4A low-powered, Sperry-built klystron equip- 
ment, believed to be the first experimental 


airborne microwave radur system, way test 
flown by the ArmyAir Forcesin a B-18 aircraft 
in the late fall of 1940.) This aircraft ‘vas 
flown out of Moffett Field on the West Coast of 
the United States, Several guccessful experi- 
mental radar rung were made against the large 
hangar buildings at Moffett Field and against 
tankers in San Francisco Bay,as radar targets. 
By today’s standards, the radar range obtained 
on these targets was vory small, but these first 
runs clearly indicated the potentialities of 
microwave radar. No radome was used on 
these flights, since the equipment was merely 
suspended in the bomb hay of the B-18 and op- 
erated on an experimental basis through its 
open bomb bay doors, These early radar flight 
tests are significant to radome development 
historically becauge they not only served as the 
beginning of airborne microwave radar use, but 
also pointed out the need for radomes to stream~ 
line and protect the racar antenna, 


The introduction of the microwave magnetron 
into the United States by the Tizard mission 
from the United Kingdom in August of 1940 
touched off the tremendous development in this 
country of microwéve radar, destined to mean 
much in the defeat of the Axis powers in World 
War O. The magnetron provided the initial 
solution to the generation of pulsed microwave 
energy in sufficient power levels to be practi- 
cable for military radar purposes, 


To exploit its potentialities, immediate ar- 
rangements were made by the National Defense 
Research Council (NDRC) of the Office of Scien- 
tific Research and Development to undertake the 
further radar research and development work 
necessary to bring microwave radar into being. 

»3 The Radiation Laboratory was organized at 
the Massachusetts Institute of Technology under 








NDRC sponsorship, where active research began 
on 10 November 1940. This laboratory, working 
in cooperation with laboratories in the United 
Kingdom, industrial and university laboratories 
of the United States. aa well ar Military Service 
laboratories throughout the land, was destined 
to make an incalculable contribution to the war 
effort of the allied pawers. 


Exploitation of the new microwave magnetron 
tube, with its many potentialities in the radar 
field, then began without delay. Major efforts to 
develop the new microwave radar took place at 
the Radiation Laboratory and in industrial and 
government laboratories, resulting in a number 
of different experimental radar equipments 
being brought out for experimental flight testing 
and ultimate usage almost simultaneously. 
These will be touched on briefly in the para- 
graphs to follow. 


1-4, Early Experimental Uses of Radomes 


What is believed tc be the first use of radomea 
in actual flight was a test demonstration for the 
AAF of an experimental version of Western 
Electric SCR-519 uirborne radar * It was op- 
erated from a B-18A airplane, in the early 
spring of 1941, See Figure 1-1. These flights 
were operated out of Mitchell Field, N.Y., flying 
against Ambrose Lightship, off Long Island, as 
a radar test target. A number of successful 
flights were achieved, in which the radar’s 
ability to locate bombing targets and to guide 
bombing runs was compared directly with the 
performance of the famous Norden optical bomb- 
sight. The resulta obtained on these flights in- 
dicated that the radar could be developed into 
a powerful tool for military bombing operations. 
These first runs out of Mitchell Field further 
demonstrated the practicality of using radomes 
for streamlining and protecting the radar an- 
tenna. The radome used on these early flights 


was a hemispherical, thin-wall nose radome of 
plexigias-like material, built in the experimental 
shops at Wright Field. It was givena frosting 
treatment to make it opaque for security 


The above operation was carried out cooper- 
atively by project engincers of the Signal Corps 
Aircraft Radio Laboratory at Wright Field and 
of the Bell Telephone Laboratory at Whippany, 
N. J. 


The first experimental airborne microwave Al 
(Aircraft Intercept) radar equipment, developed 
and assembled by the Radiation Laboratory, was 
put into operation on the roof top of the labora- 
tory in Cambridge on 4 January 1941.2 The 
first successful flight test of this equipment 
was conducted in a B-18 airplane and is believed 
to have been flown out af Bedford Airport on 10 
March 1941. This flight resulted in what is 
believed to be the first detection of airplanes 
with an airborne microwave radar, Ranges up 
to approximately five milea were obtained on 
this first AI flight. Still better results quickly 
followed. Although no definite statement has 
been found on the type of radome used in this 
specific flight, there is a general indication that 
the earliest airborne radar [lights by Radiation 
Laboratory (MIT) used hemispherical plywood 
radomes. Since these radomes were all oper- 
ating at microwave frequencies in the S- 
(3 kilomegacycles) andwere only approxi 
one-quarter inch in thickness, it is clear} that 
they were operating as thin-wall radomeg, and 
hence did not yet require careful electrical 
design. 





Two experimental Navy airborne radon in- 
stallations at this time are also notable, \The 
firstis an experimental installation of an ASD" 
Radar with 18-inch parabolic dish antenna in- 
stalled on a PB-1 carrier-based bomber late 





Figure 1-1. Douglas B~18A, of the Type Used In Earliest Airborne Microwave Redat Flights (Oficial Air Force phote) 
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in 1941.2 The other is an "ASC" radar inatal- 
lation. in the Navy PBM airplane in January 
1942.5 Details of the radomes of these two 
installations are lacking. 


Other early flight tests, using a plexiglas-type 
radome similar to that used in the Long Island 
flights, were conducted out of McDill Field, Fla., 
in January, February,and Marchof 1942, These 
flights again used an experimental version of 
the SCR-519 radar, but with 4 new bombing 
computer. Some 100 bomba were dropped on 
test targeta off Tarpon Springs. 


1-5. First Cragh Program in Microwave Radar 


The first crash development program for 
microwave radar equipment to be used in actual 
military operations by the AAF was the con- 
struction, by Radiation Laboratory, of 16 S-Band 
(3 kilomegacycles) AI radar equipments, which 
were installed in the earliest experimental 
models of the Army Air Force P-61 "Black 
Widow" night fighter in mid-1941. ‘Two addi- 
tional installations of this AI radar were also 
made about the same time in A-20 attack 
bombers, one of which was detailed in September 
1941 to Bell Telephone Laboratory, where its 
radar equipment served as the predecessor of 
the future SCR-520 and SCR-720 AI radars.? 
The SCR-720 was destined to become standard 
for production installations in the P-61 in 1943, 
See Figure 1-2, 


Thin-walled plywoud radomes were applied to 
Navy PT boats during this game period, For 
the most part, they were built by the United 
State Plywood Corporation, These radomes 
served as the prototypes for a whole series of 
similar aircraft radomes that were to follow 
goon after. +» 4 





Plywood radomes were used extensively si 
this time for fixed radar installations on labo- 
ratory roof tops. Such radomes ranged in dia- 
meter up to 10 feet or more. Most of these 
were built by the United States Plywood Corpo- 
ration. In-service electrical performance de- 
ficiencies with the plywood material were scou 
encountered, however, particularly where ex- 
perimental laboratory propagation measure- 
ments were being made through radomes, These 
studies quickly demonatrated plywood’s unde- 
sirable moisture absorption tendencies, Mois- 
ture-content variations with changea in weather 
were found to produce severe variations in 
electrical energy transmission through the 
radome walls. Efforts at rectifying these mois- 
ture difficulties took several forms. One ap- 
proach, giving limited benefits, was to apply a 
thin overlay of resin-impregnated glass fabric 
tu the outer surfaces of these plywood radomes 
to serve as a moisture barrier. (This was done 
in 1942, and is believed to be the first use of 
glags fabric in radome construction.) A second 
approach was to build radomes of a new poly- 
styrene foam, using a solvent spray process, 
Thia latter approach produced radomes of good 
electrical performance but rather poor resis- 
tance to heavy physical stresses, The Blue 
Hills Observatory (near Boston) successfully 
used polystyrene foam radomes of this vintage 
for a number of years, A third approach to 
avoiding the moisture difficulties of plywood 
wags to mold the radome of phenolic-resin im- 
pregnated cotton fabric (canvas), Elliptical 
radomes of this type were used in the wing 
nacelles of some of the early Navy installations 
of AIA X-Band (10 kilomegacycles) Aircraft 
Interception radars.® 


Figure 1-2, Northrop P--61 “Black Widew'® Night Fighter with Nese Redeme (Official Air Farce shure) 
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1-7. Other Early Radome Applications 


Another series of B-18 aircraft experimental 
Mighta waa flawn aut of Langley Field. Va.. in 
March 1942, using Radiation Laboratory’s DMS-1 
and DMS-10 radar systems (3 kilomegacy::les), 
These experimental radars ultimately served 
as the prototypes ior the Navy's successful ang 
widely used ASG air-to-surface type radars, 
Details of the specific radomes used are lacking, 
but since these were flights of Radiation Labo-~ 
ratory equipment, they were probably of plywood, 


The equipping of Navy blimps, early in 1942, 
for antisubmarine warfare initiated what is 
probably the first use of microwave radar on 
lighter-than-air ships, They were of cylindrical 
plywood construction, by Vidal, and were of the 
simple, thin-wall type operating in the 5-Band 
(3 kilomegacyclea), No important electrical 
design problems were recorded, probably due 
to the fact thatthe radome walls wer only about 
4 percent of the wave length in thickneas, The 
only recognized design problema of this series 
of radomea appear to have been physical rather 
than electrical in nature.® 


The first operational Navy installation fa air- 
planes was that of the ASG S-Band radar in the 
PB4Y-1 airplane about mid-1942 or early 1943, 
The radome used in this installation was the 
predecessor to the atill active CW30/AP 
radome.8 


1-8. Centers of Military Radome Development 
During and After World War 


During the early perjod of radome develap- 
ment, extending from 1942 to 1944, military in- 
terests in radomes were centered in three 
principle locations: 


1, Radiation Laboratory, (Massachusetts 
Inatitute of Technology) Division 14, Group 
54, represented by Mr. E, B, McMillan 


2, Signal Corps Aircraft Radio Laboratory 
(Wright Field), represented by Major 
A.R. John 


3. Naval Air Materiel Center (Bureau of 
Aeronautics), represented by Commander 
V. H, Soucek 


Radiation Laboratory representation by Mr. 
McMillan continued until the close of that Labo- 
ratory in the Spring of 1946, Captains R. E. 
Long (1944) and Fred H. Behrens successively 
continued the representation of the Army Air 
Forces in the old Systems Engineering J.abo- 
ratory at Wright Field. The Naval Air Materiel 
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Center's representation was covered succes- 
sively thereafter by Lt.Comdr, wr. Harris, Lt. 
Comdr.A. J, Stanziano,Mr. E. J. Sehlieben, and 
Mr. Joseoh Ambrogi. Later, when\the need 
arose for large ground radar installatioas with 
radome protection, a radome group was f ed 
at the USAF Rome Air Development Center, 


which was represented continously from ty 


beginning of its activity to the present day by 
Mr. C, S, Beal. 


1-9, Origin of the Term "Radome" 


It ig of interest that the term “radome" has 
come to be used to denote all types of radar 
antenna dome covers. The term hag its origin 
in a War Production Beard meeting early in 
1942. It is a contraction of the words radar 
dome, and was suggested first by Major A, R. 
John of the Signal Corps’ Aircraft Radiation 
Laboratory (Wright Field) ,6 


1-10, "Dumbo" Pathfinder Crash Program 


The first experimental flight tests of the new 
X-Band(10 kilomegacycles) radars over North- 
ern Irelar.d, beginning in March 1942, led to the 
first crash installation program of these radars 
in the noses of the "Dumbos" (B-24 "Liber- 
ators") by the Army Air Forces in late 1942,” 
These were the "pathfinders" for the Eighth 
Air Force, whose exploits over Europe during 
World War I are well-known. (The term "path- 
finder" here refers to the use of a single radar- 
equipped bomber to lead a whole formation of 
non-radar~-equipped bombers for "Bombing 
Through the Overcast."') 


The radomeg initially used on these "Dumbo" 
pathfinders were of two principal types, Sume 
were of the earlier urea-bonded plywood con- 
struction, whereas most cf the remainder were — 
of glass cloth laminated construction. All 
radomesin these airplanes were of hemispheri- 
cal type with fixed mountings, 


1-11, Origin of the Radome Electrical Design 
Problem 


The pathfinder program was scarcely under 
way before it came near foundering from severe 
radome wall reflection reaction, Severe mag- 
netron frequency pulling nearly put the equip- 
ment out of operation. Even careful adjusting 
of the scanner axis to near coincidence with the 
radome axis did not entirely correct this dif- 
ficulty. It was evident that the {mpnrtance of 
minimizing reflections through keeping the 
radome walla thin, with respect to a wavelength, 
had not yet been fully appreciated. The neces- 
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sity for a rational basis and procedure for 
electrical design was clearly demonstrated. 


1412 Switch tn Dolyvatyrone Fiber 


The first correction of the reflection-pulling 
difficulty partially side-stepped the electrical 
design issue with the use of low dielectric con- 
stant materials, With only 3 weeks left before 
scheduled pathfinder use in major operations, a 
quick switch was made to a new, relatively un- 
tried, polystyrene fiber material developed by 
the Dow Chemical Corporation. A shrink- 
molding process was worked out cooperatively 
among representatives of the Radiation Labo- 
ratory, Dow Chemical Corporation, and the 
Virginia Lincoln Company, fabricators of the 
new radomes. This hurried switch to the new 
“polyfiber’’ construction was accomplished on 
schedule and, surprisingly, with a great deal of 
success. This polyfiber conatruction was rela- 
tively weak structuraily, but it had a toughness 
property that served it in good stead in the op- 
erations over Europe, where it was able to re- 
sist tearing and shattering from antiaircraft 
flak penetration under conditions where other 
constructions failed. 


In the meantime, another shrink-molded poly- 
styrene material called ‘‘plax’’ was being de- 
veloped for the AIA radar by the Naval Aircraft 
Factory. Radomes of this material were to have 
been made up of laminations of stretched ‘‘plax’’ 
sheets. A unique material development resulted, 
but its rather high dielectric constant retarded 
its extensive use at this early stage in radome 
development. 


1-13, Beginnings of Radome Research 


The difficulties of the pathfinder radome in- 
Stallations, in late 1942, provided a major im- 
petus to the full recognition of the electrical 
problems of radome design and to the need for 
development of a rational and generalized theory 
of design for the future. The Radiation Labo- 
ratory organized a substantial Radome Develop- 
ment Group (Group 54 in Division 14) for a major 
component development. The half-wave wall 
design, as a means: of curtailing radome re- 
flections, was an early contribution. The many 
advances in radome technology that resulted 
from this group’s efforts over the next few 
years stillstand as a monument to the soundness 
of its pioneering work.® This group’s principal 
works were initially published in a series of 26 
Radiation Laboratcry Bulletins, Series 483, 
dating from December 1943 to March 1946. 


1-14. AAF Interests in Expanded Hardboard 


Looking forward in early 1943 to a greatly in- 
creased use of airborne radar, the Army Air 


Forces sponsored the development of forming 
and application techniques for use of a new 
tough, rigid, low density, low refractive index, 
cclular, résib-sipreguaied wuuber material 
called ‘‘SS expanded hardboard.''6,8 This 
material was developed by the United States 
Rubber Company, and was fabricaied by drawing 
the hardboard over a male mandrel. A number 
of differentSS hardboard radcmes were designed 
with half-wave walls by the Army Air Forcea 
for operation in X-Band (10 kmc) bomber radar 
installations, In addition, some thin-wallS- Band 
radomes were designed for use in cargo air- 
planes. These SS-expanded hardboard radomes 
served usefully for some time. Cold weather 
operation, however, so embrittled the material 
that ejected shell cases, falling rearward from 
the bomber’s forward gun turrets, inflicted 
severe impact failures and brought about the 
ultimate discontinuance of this material in ra- 
dome manufacture. It also was found to be at- 
tacked by solvents used around aircraft.8 This, 
too, contributed to its replacement. 


1-15. ‘“‘Bombing Through the  Overcast'’ 
Operations 


In mid-1943, the secu:.i major AAF radome 
crash program at Wright Field went into effect, 
This program called for the equipping of a con- 
siderable number of B-17 bombers with retrac- 
table radomes of the hemispherical type. These 
installations were made for the new AN/APQ-13 
and AN/APS-15 X-Band radars intended for the 
AAF's ‘‘Bombing Through the Overcast’ cam- 
paign.? The radomes used were largely of glass- 
fabric laminated construction, as fabricated by 
the Virginia Lincoln Corporation using resins 
manufactured by Columbia (Pittsburgh Plate 
Glass Company) and the Bakelite Corporation. 
Other versions of these radomes were fabricated 
by Crosley Marine Company, Swedlow Plastics 
Company, and the United States Rubber Company. 
These other versions included ‘some of poly- 
styrene fiber construction. 


1-16. Earliest Efforts at Streamlining Radomes 





The wing-pod radome on the Navy's F6F-3N 
fighter airplane, Figure 1-3, represents one of 
the early attempts (1943) tostreamline radomes. 
This wing-pod radome was made slightly ellip- 
tical in a design by Grumman Aircraft Engi- 
neering Corporation. It housed an AIA radar 
antenna. 


1-17, Double-Wall Radomes 
The so-called double-wall construction, con- 


sisting of iwo concentric thin-wall radome 
skins air-spaced from one another by approxi- 
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Figure 1~1, Semistreamlined Radome on the Navy's Grumman F4F~3N (By permission of Grumman Aircraft Engineering Corp.) 


mately one-quarter wavelength, was tried for 4 
time, at the suggestion of the Radiation Labo- 
ratory. The use of two air-space thin walls 
provided a means of neutralizing the excessive 
reflections commonto single thin-wall radomes 
without the weight compromise of using the half- 
wave wall, A number of cylindrical radomes of 
this type were built for use in Navy blimps.& 
Similarly, a trial model of this construction was 
built by the AAF for use in the B-24 bomber. 8 
A semistreamlined version of this construction 
was used in 1942 on the PBM patrol seaplane, 
with the ASG radar. These air-spaced sandwich 
radomes were not widely used, however, because 
of mechanical difficulties. Nevertheless, they 
served a most useful purpose in that they sparked 
the development of the three-layer ‘‘ A’ sandwich, 
which was to replace it. The double-wall con- 
struction found another use (1944) on the AN/ 
APQ-7 ‘‘Eagle’’ radar vane-type antenna (see 
Figure 1-4), where the open spaces between the 
rib-spaced double walls were used as hot-air, 
ducts for thermal anti-icing purposes. 


1-18. Development of the Three-Layer ‘‘A’’ 
Sandwich os ne 


Radiation Laboratory, in 1943 and 1944, de- 
veloped the electrical design for the A” sand- 
wich, three-layered radome, as it is generally 
known today.6 The “A” sandwich construction 
utiiized strong but dense skins of glags-fabric 
laminates, spaced and bonded to a low density 
cellular material used as core. This construc- 
tion not only provided the reflection neutraliza- 


tion sought in the double-wall construction that 
proceeded it, but also provided a strong, light- 
weight structure ideal for aircraft application, 
The high strength/weight ratio of this construc- 
tien was the prime incentive behind the general 
adoption of sandwich construction for radomes 
by early 1944. The first aircraft radome sand- 
wiches used polystyrene fiber material as cores 
with laminated glass-fabric skins. By early 
1944, hemispherical''A’’ sandwich radomes had 
been installed by Radiation Laboratory on Navy 
PT boats. These were adhesive-bonded, cel- 
lular acrylonitrile (Hycar), expanded hard rubber 
cored sandwiches. It was soon found that this 
Hycar rubber core material tended to inhibit 
the curing of the laminating resins used in the 





Figure 14. “‘Eagle'’ Vene Antenne and Radome installation 
for the AN/APQ-—-7 Rodor (Official Air Force photo) 








Figure 1-5, Aircraft-Eorly-Waming Radome Installation on the Navy's Gruvcaman AF-2W 
(By permission of Grumman Aircraft Engineering Corp.) 


glass fabric skins. This undesirable property 
contributed to a difficult and time-consuming 
fabrication process. With the development in 
1944 by Radiation Laboratory of a catalyst 
coating treatment for the cellular Hycar core 
material, a single-cycle, wet-lay-up process 
for sandwich construction was evolved. This 
improvement considerably accelerated the use 
of Hycar sandwich radomes throughout the re- 
mainder of World War 11.6 This success was 
tempered somewhat by an undesirable tendency 
of expanded Hycar tocollapse occasionally under 
molding pressures, with resultant high rejection 
rates in production.8 (it is interesting to note 
that British research simultaneously produced 
another sandwich radome construction using 
sheet methylmethacrylate eo with a foam 
core of the same substance.)§ 


1-19, Adoption of Sandwich Radomes 


re rc rn et nt A 


The general acceptance of sandwich construc- 
tion for military aircraft radomes was chiefly 
pioneered in 1943-1944 by a development com- 
petition, sponsored by the Bureau of Aeronautics, 
for a large radome for the TBM torpedobomber, 
which was being equipped with the AN/APS-20 
aircraft-early-warning radar. This competition 
pitted the Naval Aircraft Factory’s rib-rein- 
forced, single-wall radome design against an 
“A” sandwich design developed at Radiation 
Laboratory. The weight-saving, flight-stability, 
and rigidity udvantages found in the sandwich 
vereion of this radome firmly established the 
“A’’ sandwich construction as standard for a 
considerable period of time.6 4 model of this 


radome on the Navy AF-2W, in 1950, is illus- 
trated in Figure 1-5. 


1-20. The Semistreamlined Blister Radome 


By late 1944, strong pressure was applied to 
reduce the aerodynamic drag penalty of radomes 
through streamlining. With electrical design 
aid from the Radiation Laboratory, both AAF 
and Navy brought out new designs for «-mi- 
streamlined blister «adomes for fixed mounting 
on existing aircraft, replacing the old hemis- 
pherical fixed and retractable radomes. These 
efforts were highly successful and established 
the trend toward flush-faired radome lofting. 
The AAF semistreamlined blister radome for 
the AN/APQ-13 radar on the B-29 airplane. ® 
illustrated in Figure 1-6 is a good example. 


1-21. Polystyrene Fiber K- ‘Band Radomes 


What is believed to be the earliest K-Band 
(24 kilomegacycles) half-wave wall radomes of 





Figure 1-6. Typical Seomistroamfined Blster Redeme on the 
Ale Force B~29 (Official A; Farca photo) 





polystyrene fiber construction were developed 
al Radiation Laboratory in 1944,8 Shortly there- 
after a few similar radomos were designed anu 
built by the AAF for use on its B-17 and B-28 
aircraft for experimental K-Band radar insalt- 
lations. At K-Rand frequencies, thicknésS» 
tolerances were found quite critical. This led 
to the development by Radiation Laboratory of 
what Is believed to be thefirat K-Band interfer- 
ometer for use in sensing electrical thickness 
variations. 


With the development at Wright Field in 1944 
of a resin-impregnated, glass-fabric based, 
honeycomb sandwich construction for airframe 
components, the use of honeycomb-cored ‘‘A’’ 
sandwich radomes was successfully tried. 
(See Figures 8-1 and 8-8 of Chapter 8, ‘‘Organic 
Materials and Radome Construction.) Despite 
some rather considerable advantages over its 
Hycar rival, this construction did not achieve 
general popularity for radome use until after 
the end of World War I, 


1-23. Knitted-Sock Laminated Radomes 


In early 1946 the first use of laminated radomes 
of glass yarn, knitted into contour-formed socks, 
was introduced to provide a rapidly producible, 
pressurized, thin- wall radome for the AN/ APS-4 
X-Band Radur. 5,8 ‘These radumes, developed 
joindly by Bell Telephone Laboratories, Radia- 
tion Laboratory, and Andover Kent, were in- 
stalled on a small cigar-shaped radar unit 
carried outboard on the bomb racks of fighter 
aircraft, Although the knitted-sock construction 
avoided the need {cr hand lay-up of lapped-gore 
laminations, it produced a construction that was 
much weaker structurally than the woven-glass 
fabric laminate raduines. Undoubtedly, the 
stretching of knitted socks of this type over 
molding mandrels brought about some uneven 
distribution of the glass material in the radome 
walls, but these difficulties were not found 
serious for the radars of this early vintage. 
(This use of contour-knitted socks is an inter- 
esting predecessor to the contour-woven, glass- 
fabric laminate radome construction currently 
foe for guided missile applica- 
tions. 








1-24. Earliest Efforts at Unified Antenna- 
Radome Design eae ee 


The firstimportant departure from the gener- 
ally round paraboloid reflector-and-feed type 
antenna with associated round blister radome 
came early in 1945. Considerations of still 
further aerodynamic drag reduction on the B-29 
bomber sparkedthe development of a new scan- 


ner-radome configuration.8,8 Radiation Labo- 
ratory, collaborating with the Boeing Airplane 
Cumpany, developed a broad put shallow snow- 
Shovel-like scanner and an associated broad 
flat turtle-shell-like sandwich radome to replace 
the original round AN/APQ-13 radar scanner 
and semistreamlined radome. The flat radome 
operated at unusually high angles of incidence 
for those days. Its development required much 
effort and care in both design and fabrication 
(see Chapter 3, ‘‘Search Radome Design'’), but 
served usefully to expedite aircraft and radar 
development thinking toward the fully faired-in 
radome designs yet to come. This early action, 
aimed at the coordinated design of scanner and 
radome as a unit, represents one oi the first 
recognitions of the intimate relationships that 
should exist between antenna and radome 
developments, 


1-25. Unification of Airframe and Radar- 
Radome Design ee 


The development of the jet bombers initiated 
the first major AAF efforts to integrate redar 
and radome installations into the initial design 
planning of Military aircraft, rather than to 
continue facing the compromising problem of 
adding radar to finished airplanes after primary 
dosign has been made firm. A delegation of 
radar system engineers, antenna engineers, and 
radome engineers from Bell Telephone Labo~ 
ratory, Radiation Laboratery, and Wright Field 
was organized in the spring of 1945 to present 
the case to the aircraft prime countractors. § 
Integration of radar and airplane planning was 
accomplished in the cases of the North American 
XB-45, the Convair XB-46, the Boeing XB-47 
and the Glenn L. Martin XB-48. With ‘his ac- 
complished at the preliminary mock-up stages, 
a major step forward was gained toward inaxi- 
mum joint effectiveness of radar and airplane. 
Much cleaner airplane lines, (see Figure 1-7) 
and correspondingly better airplane perfor mance 
resulted. Furthermore, these actions initiated 
the current Air Force policy of turnirg over to 
its prime contractors the responsibility for 
radome hardware development and design. This 
policy replaced the earlier policy of developing 
radomes in the military service laboratories 
and having then, produced :ndependently as 
Government-Furnished Aircraft tquipment 
(GFAE). This policy change was necessitated 
by recognition of the excessive coordination 
difficultics that would accompany this Integra- 
tion, if the former GFAE policy were to be con- 
tinued. 


Microwave absorber screens came intogeneral 
aircraft use for radar scanner-nacelle lining 








Figure 1-7. North Americon B=45 With Chin ada. -. 
into the Airplane Loft-Lines (Official Alr Force photo) 


more or less coincidentally with the integration 
of antennas and radomes into airplane designs. 
Absorber liners in aircraft were first used in 
certain areas of the radome to mask off regions 
contributing to undesired ground-clutter pick-up 
and toavoid undesired fuselage reflection inter- 
ference.6 Use of such absorbers was soon ex- 
tended to the complete lining of the metal areas 
of the antenna nacelle to eliminate interference 
from the bulkhead and other structural mem- 
bers.8 The old Harp materials, designated 
MX 410/AP (X=Band, 1U kmc) and MX 355/AP 
(S-Band, 3 kmc), were used most frequently for 
these purposes. 


1-27. Recognition of the Role of Phase Delay 
in Radomes ere 


The role of insertion phase delay in radome 
design wasearly recognized by Radiation Labo-~ 
ratory in its design of the BUPX radar beacon 
antenna housing in 1944. The antenna was em- 
bedded in a streamlined block of hard rubber 
foam. Internal phase-equalization was accom- 
plished by boring holes inthe foam in judiciously 
chosen sizes and locations. The foam structure, 
after boring, was then covered with a thin, 
glass-fabric laminate. skin to gain service dur- 
ability, This design was extensively used for a 
number oi years.6 Radiation Laboratory, in 
publishing its research in 1945 on polarization 
effects at grazing incidence, not only satisfac- 
torily explained many of the then recognized 
difficullies in radorne design, but also anticipated 
many of the polarization problems destined to 
beset the supersonic streamlined radomes’ of 
today. 


1-28, The ‘'B’' Sandwich 
McMillan, Redheffer, and Leaderman continued 


polarization research during and after the Radi- 
ation Laboratory closed, and published, in 1948, 


= xemplitying.the Trend to Fluah-Fairing of the Radome 
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their theories of the ‘B'' sandwich (reversed- 
order, three-layer) radomes.® The “B" sand- 
wich, having its high dielectric constant mate- 
rials sandwiched between outer matching layers 
of lower dielectric coustant materials, offers 
some distinct electrical design advantages (see 
Chapters 2, 5, &, 9, and 13). 


1-29. Onset of the Rain Erosion Problem 


In mid-1945 the B-29 bombers operating out 
of the Marianna Islands against Japan uncovered 
anewand major radome prcblem,11 Frequently, 
upon return from missions, the leading edge 
radome of the AN/APQ-7 (Eagle) vane-scanner 
(see Figure 1-4) had complctely disintegrated. 
In many cases, only the mounting rims and a 
few remnants of the core-spacing ribs remained, 
The cause of this damage was not immediately 
apparent, since many of the damaged radomes 
had not been exposed to any known collision, 
flak, hail, or other darnaging exposure, Fora 
time it was thought to have been caused by loose 
grit, kicked up off the runways during takeoffs 
and landings. Investigation showed that frequent 
encounters with rain cnroute were common to 
these operations. It remained for the Radiation 
Laboratory and the National Advisory Committee 
for Aeronautics, (NACA), working simultane- 
ously, to establish conclusive evidence that the 
damage was due to rain erosion. Radiation 
Laboratory used an experimental whirling arm 
and water spray set-up to test small square 
sample panels of radome materials in a manner 
which was a prototype of the later whirling arm 
test facilities at Cornell Aeonautical Laboratory 
and elsewhere. The NACA laboratories at 
Cleveland demonstrated the cause of rain sro- 
sion by simulating flights through artificial rain 
in a wind tunnel. Thus began the still active 
search for rain erosion resistant radome mate- 
rials, (See Chapter 7, ‘‘Subsonic and Supersonic 
Rain Erosion,’’) 


1-30. Termination of Radiation Iaboratory 
Activities 


The Radiation Laboratory, after a major con- 
tributionto the radar and reno we lielas, stopped 
its operations in early 1946.* Its closing did 
not come, however, before an important portion 
of its achievements had been documented into 
permanent book form. The 28-volume shelf of 


radar books, generally referred to as the Radi- — 


ation Laboratory Series,’’ was prepared and 
released for publication through the McGrav- 
Hill Book Company. Volume 26, ‘Radar Scan- 
and Turner, covers much of the Radiation Labo- 
ratory’s radome development work. Other work 
related tu radomes is contained in Volume 11, 
Techniques of Microwave Measurements, edited 
by Montgomery. Following the close of the 
Radiation Laboratory, the radome development 
work formerly active there was assumed by the 
military radome development groups of the Army 
Air Forces and Navy at Wright Field and Johns- 
ville, Pa., respectively. 








1-31. Beginnings of Long Range, Post-War 
Radome Research 

In the fall of 1946 the Army Air Forces radome 
activity at Wright Field initiated a long range 
radome researchand development contract pro- 
gram.” It was aimed at providing better mate- 
riais and processes with which to build the 
radomes of the future. The contract was with 
the Goodyear Aircraft Corporation at Akron, 
Ohio. The scope of this early contract covered 
such subjects as rain erosion investigation, im- 
proved laminating ‘techniques, improvement of 
the electrical properties of laminating resins, 
and development of better core materials and 
fabrication processes. 


The Goodyear Aircraft Corporation's rain 
erosion studies were largely empirical in na- 
ture.8 A whirling-arm rain erosion test ma- 
chine was built, and rain erosion testing opera- 
tionsbegun, in January of 1947. The peripheral 
speeds at which the test samples were carried 
through water sprays were initially 120 miles 
per hour, but were increased to 250 miles per 
hour in March of 1947 to reduce the amount of 
test time. These test operations quickly showed 
that all reinforced plastic radome materials 
thencurrent were inadequate for operation under 
rainy weather flight conditions. These adverse 
findings initiated a comprehensive effort to de- 
velope rain erosion resistance in lan.inated 
materials, which at that time were all porous 
and opaque. From this effort there soon de- 
veloped the concept of the voia-free laminate. 
In March of 1947 it was found that a void-free 
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laminate exhibited at least eight times the rain 
erosion resistance of aconventional voidy lami- 
nate. By May of 1947 methods had been evolved 
to produce void-free laminates, in a reasonably 
repeatable manner, 80 that by February of 1948, 
a tentative specification was released to industry 
to expedite its adoption. 


Investigation of rain erosion was begun shortly 
thereafter at the Cornell Aeronautical Lavo- 
ratory,8 where another whirling arm machine 
was put into operation at about the beginning of 
1948. This machine operated Initially at a per- 
ipheral speed of 250 miles per hour, which was 
later increased to 500 milesper hour. The pur- 
pose of this second erosion study program was 
to investigate methods of testing for rain ero- 
sion and to iook into the mechanism of erusion 
itself. This facility later became the center 
for most USAF subsonic speed rain erosion 
investigations. 


Aseries of flight tests was conducted at Wright 
Field in the Spring of 1949 using an F-80 air- 
plane as the test vehicle to correlate laboratory 
rain erosion test data with actual flight service 
experience. Numerous flights were made, at 
speeds approximating 400 miles per hour, 
through rain. The plastic laminated nose cap 
for the radio compass and the plastic laminated 
vertical fin-tip housing for the VHF command 
radio-link antenna were used as test samples. 
Dramatic demonstrations of the structural 
damage inflictable by ruin erosion were ob- 
tained,® and from these demonstrations a good 
test correlation resulted, both for bare laminates 
and for the neoprene-cvated laminates discussed 
next,?~ 


1-32. Adoption of the Neoprene Protective 
Coating 


In October wf 1948 the Goodyear testing pro- 
gram demonstrated that a neoprene brushing 
cement coating, developed by the Gates Engi- 
neering Company of New Castle, Delaware, 
greatly improved the erosion resistance of 
radome laminates. It was found that void- 
free laminates coated with approximately 10 
mils of this material yielded life expectancies 
nearly 160 times those of bare larninates. Un- 
fertunately, however, itwas found that the initial 
version of this material exhibiteda severe elec- 
trical energy absorption characteristic. Even 
a 10-mil thick coating reduced X-Band Radar 
transmission through a radar panel by as much 
as 40 percent. 


Through the cooperation of the Gates Engi- 
neering Company, a new loading substance was 
substitutedfor the original carbon loading. This 





change in loading did not alter the erosion re- 
sistance, but it decidedly improved the electrical 
properties. This early neoprene protective 
coating was of the heat-curing type, preceding 
Mc Sabre Mbt Rp ese Sen eee ce eere eee 
standard coating. Another similar .naterial 
designated 23-56 neoprene coating, was later 
placed on the market by The Coodycar Tire aad 
Rubber Company. 


1-33. Research on Laminating Resins 





Goodyear, under its contract, also attempted 
for «a time to modify existing laminating resins 
with the object of lowering their dielectric con- 
stants and loss factors.8 * While some success 
was achieved, it was found that the gains achiev- 
able through further work on the resins alone 
did not appear to be promising enough to warrant 
further effort. It became clear that if any sub- 
stantial improvements in this direction were to 
be made, the greatest effort should be applied 
to lowering the dielectric constants and loss 
factors of the reinforcing fibers used in the 
laminating fabric. This Jed to a later effort to 
develop low-diek vtric-constant glasg fibers, 
designed specifically for radomes. Such a fiber 
was developed and produced in experimental 
quantities by Glass Fibers, Incorporated, but 
and unexpected finishing difficulty deterred its 
general adoption. 


1-34. RDB Subpanel on Radomes 


Shortly after the post-war research and de- 
velopment program began to settle down, fol- 
lowing the dislocations caused by the end of the 
war, the Research and Development Board in 
Washington organized, under its Committee on 
Electronics, a Panel on Radiating Systems, 
charged with general responsibility for antenna 
and radome development. The chairman, 
recognizing the important role of radomes in 
antenna development, established the Subpanel 
on Radomes in the fall of 1946. In a reorganiza- 
tion in 1951, the Panel on Antennas and Propaga- 
tion was formed, replacing the Panel on Radiating 
Systems. The Subpanel on Radomes was again 
reconstituted and formally chartered under the 
new panel. The radome subpanel was charged 
with review of the severai military services’ 
requirements and their respective supporting 
research and development programs to define 
any gaps needing filling and to avoid all un- 
necessary and undesirable duplication of effort 
among the services. This subpanel was active 
until February 1954. Besides performing its 
assigned functions continuously through this 
period, it did much to foster the appreciation of 
radome development problems and to advance 
radome research through the sponsoring of 


technical sessions at a numbe: of professional 
conventions, at which forma) technical papers 
were presented. The subpanel further secved a 
most useful function by bringing together the 
nrincinia radame investivatnrs and fnatering 
their active cooperation. 

1-35. Radome Engineering Mamal 


In recognition of the general need for a refer- 
ence manual on radome design, the Army Air 
Forces and the Navy Bureau of Aeronautics 
cooperated in preparing and publishing an early 
Radorne Engineering Manual issued in October 
of 1948, It was designated both as Navaer 
16-45-6502 and as AMC Manual 80-4. This 
manual,59 however, covered only the problems 
of search-radome design. By this time, the 
complex problems of designing radar gunfire 
control radomes and radomes for missile guid- 
ance, as well as further problems associated 
with the design of radomes for use on wide fre- 
quency bands, were being recognized. At the time 
of the printing of this first Radome Engineering 
Manual, the proved design techniques for these 
latter applications were still to fragmentary to 
be reduced to handbook form. 


The desirability of foaming the core of sand- 
wich radomes in place between premolded skins, 
in lieu of laying-up hand-tailored gores of pre- 
foamed core material, was recogrized as early 
as 1945. Using plastic resin cores foamed-in- 
place, the Navy produced for the F7F airplane 
what were probably the first wsable foamed- 
in-place sandwich radomes.!9 Processing dif- 
ficulties with brittheness and non-uniformities 
deterred the general adoption of the process at 
that time. Army Air Force efforts during this 
period, to expand Hycar rubber cores in place 
were not promising. 


The early AAF radome development contract 
with Goodyear also was charged with furthering 
development of the ‘A’ sandwich by foaming- 
in-place.8 After a series of only partially 
successful efforts at developing usable foam- 
in-place materials and processes along the lines 
of the earlier work, the alkyd isocyanate foams, 
based upon German experiments with toluene 
diisocyanate foaming agents, were succesaful!ly 
developed. The first successful experimental 
alkyd isocyanate foamed radome produced with 
this process was a 14-inch hemispherical ‘‘A’’ 
sandwich radome built by Goodyear for an 
Emerson radar fire control system intended 
for tail installation in the AAF’s medium jet 
bombers’. This radome was built in July of 1948. 
Larger experimental radomes of the C-54 nose 
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| confiyiration were successfully foamed in De- provement reports in October 1950 and March 
cember 1948, (See Figure 1-8.) A development 1952, Tentative specifications for the foam-in- 
ibeport covering the proces: was issued in De. place provess and material were released in 
! 


cember 1949, supplemented by successive im- September 1949 A fram. in-nlara demon ctention 


conference was held at the Goodyear plant on 10 


November 1950 for the purpose of introducing 
the procera intr thy radome industry gcnerally, 
The first AF production use of the process was 
on the F-89 nose radome (see Figure 1-9) be- 
Binning in 1949. A subsequent development of 
a similar foam process and material, but for 
higher temperature (400° F) applications, was 
carried out under another Air Force contract 
effort by the Cornell Aeronautical Laboratory 4 
at Buffaio, N. Y., and released through a report 

dated March 1954, A great deal of follow-up 

characterization and improvemont offort on ‘ 
these foams was executed by the Naval Air De- 

velopment Center. The Lockheed Aircraft 

Company developed a similar foam and as- 

sociated process which has since enjoyed 

widespread aqoption and use, 





1-37. Radome Design Criteria Development 


Figure 1-8. Example of Early Foamed-in-Place Radome for the During the period from 1949 to 1954, a con- 
Nose Inatallation of an AN/APS-10 Radar on the C—-54 siderable amount of general radome theoretical 
(By permission of Goodysor Aircraft) research and engineering design criteria de- 
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Figure 1-9, Northrop F-49 With Nose Fire Contre! Redeme of the Foamed-in-Ploce Type 
(Oficial! Air Force photo) 
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Figure 1-10, Necth American F-B5D 
Fire Control Redar ( 


velopment wag being carrted out by both the Air 
Force and ae Navy laboratories ,8,10 The AF 


Molded flutes, to Provide for thermal anti-icing 
of the radome for all-weather Operations with 
gunfire control radars, ‘Thig radome dateg 
from early 1950, 


1-938, Kart Radome Error Prediction Work 
Ey Macome Error Prediction Work 


During the period between 1950 and 1954, the 
Naval Air Development Center devised its initia) 
method of radar error prediction fo; use in the 
design of tadar gunfire control radomes re- 








With Thermally Anti-lcing Nove Radoma tor 
Official Alr Force Photo) 


quiring cloge tolerances on allowable bending 
error, These methods were devised for appli- 
cation to conical-gcan Sunfire control radar syg- 
tems. Based upon geometrical optics, these 
methods gave a first-order approximation of the 


Other efforts in this same direction were 
carried out for the Air Force by the McMillan 
Laboratories ,§ Whichalso contributed techniques 
for the prediction and compensation of radome 
error. Each of these methods yieldg only'ap- 
proximate designs and requires supplemental 
experimenta) adjustments to produce satisfac -~ 
tory error-corrected radomea, 


About 1952, the Ohio State University Research 
Foundation began work on an Air Force apon~ 
S0"ed contract for research into the microwave 
Optics of radomeg.8 Many useful reguitg have 





a ae 


vutcume of this work is the development of 
techniques for far-field pattern prediction, as 
perturbed by cadome structures in the near 
{ield, uglng a two-step process. This two-step 
prediction proces4 isthe basis upon which most 
of the aneceeding affarts of radome crror pie- 
dictton are founded. 


1-39, Working Group on Small Supersonic 
Radomes _ 


By early 1951 considerable concern had built 
upin weapons systems development management 
eircles over supersonic missile radome pro- 
blems, Much concern was evident, both in re- 
gard to the inadequacies of electrical design 
procedures with which to correct radome im- 
posed directional error, and with respectto the 
recognized inadequacies of radome materials 
from the thermal stability pcint of view, A 
special working group on small supersonic 
radomes was organized in early 1951 to investi- 
gate this situation and to recommend remedial 
actiun to the RDB Panel on Guidance and Con- 
trol.8 Specific recommendations were called 
for, pertaining to the AF Falcon Project and to 
the Navy’s Sparrow I and Sparrow II Projects, 
This working group met briefly, prepared a 
report Summarizing the situation, with appro- 
priate recommendations, and then disbanded, It 
ig interesting to note that in spite of the im- 
provements made since that time, most of the 
serious radome problems recognized at that 
time, and set down inthe report, are still para- 
mount in the minds of radome designers, 


1-40, The Princeton Study 


In 1951, the Office of Naval Research, recog- 
nizing the need for a substantial effort ona broad 
front in the area of radome deve!opment for the 
supersonic guided missile, initiated, through the 
Princeton University research staff, a study to 
prepare a complete analysis of the supersonic 
guided missile radome problem and to make 
specific recommendations for supporting the 
research necessary to break the problem down 
to practical elements towhich effective develop- 
ment work could be applied, The Princeton staff 
preparedan excellentaad comprehensive report, 
which was presented lo the Military Services in 
March 1952,8,30 ft contained a number of spe- 
cific recommendations applicable to the several 
related interests of aircraft design, radar sys- 
tem design, aerodynamic shaping, and radome 
design. The greater portions of at leant the 
radome recommendations jater became the 
subjects of development contracts. 
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1-41. Gunfire Control and Misatle Guidance 
Radome Design 


Following the commencement of boresighting 
atudier in 1940 and 1980 2 auaber of errur - 
corrected radome designs were prepared with 
some success, One of the first was the McDonnell 
Aircraft Company's design tn late 1351 of the 
ogival radome for the Navy’s F3H (see Figure 
1-11), used subsequently for the USAF F-101A 
aircraft. This was based upon a geometrical 
optics design approach, somewhat aimilar ‘o the 
NADC method. Other successful designs were 
prepared by McMillan Laboratory and Goodyear 
Aircraft. Corporation for the Navy Sparrow II 
missile. 


1-42, The USAF Bomarc Radome! 


Between 1951 and 1955, the Boeing Airplane 
Company developed what is probably the most 
precise supersonic streamlined guidance radome 
produced thus far. It is a half-wave thick, solid 
laminate radome in and ogivai shape with a 
fineness ratio approximately 3.5:1, and is de- 
signed for use with a radar antenna aperature 
19 wavelengths in diameter, This is a uniform~- 
thickness radome wall designed for optimum 
performance at the highest angles of incidence 
encountered, Despite the fact thatno correcting 
tapers were introduced into its wall design, it 
was found, when fabricated with the required 
degree of uniformity in materials and dimen- 
sions, to produce an exceptionally amooth error 
characteristic, Its ability to produce such a 
low error characteristic without taper correction 
is attributed to the large aperture through which 





Figure 1-1}. McDonnell F2H Navy Fighter With Nose Type Fire 
Contro! Radome Shaped for Transonic Speeds 
(By permission of McDonnell Aircraft) 


the radar operutes, ana to the thoroughness ol 
its tigh-incidence solid-wall design, The 
Bomarc radume faced, and is atill facing, the 
necessity for attaining a precision in material 
unflurmity and dimensional tolerance contrs! 
which assumes almost janiastle proportions when 
viewed against current laminating standards. 
It wag not until a nove} post-labrication adjust- 
ment of the radome by means of a localized 
insertion phase delay measurement and cor- 
rection patching technique, that it became prac- 


ticul to produce these radomes with the desired ~ 


precision (see Chapter 4, "Guidance and Fire 
Control System Radome Design"), T. support 
the development of this radome, a number of 
Special test and fabrication equipments were 
developed (see Chapter 11, "Radome Wall 
Measurements and Evaluations"), Precision, 
automatic recording, boresight error testing 
equipment! was developed and placed in opera- 
tion in 1952. This was followed in 1953 by the 
placement in operation of fabrication and ma- 
chining facilities for manufacturing precision, 
but as yet unadjusted, blank radomeg, In 1955 
cCamea precision microwave interferometer Sy8- 
tem! for measuring and recording, to high de- 
grees of precision, variations inthe radome wall 
insertion phase delay. Thisinterferometer sub- 
Sequently was supplemented by an automatic 
correcting machine,12 which adds rectangular 
patches of dielectric tape material to the inner 
wall surface of the radome wherever. the inter- 
ferometer indicated the electrical thickness to 
be lesg then the desired value, It was found 
that, when adjusted to a given degree by this 
method, the boresighting error measured on the 
radome wags assured to be within directional 
error tolerances, Through the use of automatic 
equipment, this procedure, complex ag it is, still 
proved practical, and very well may be heralding 
4 new trend in radome process control, 


1-43. Investigation of Near Fields in Boresight 


Radome Design 


In accordance with one of the recommendations 
of the Princeton Study Group in 1952, specific 
Studies of the role of insertion phase delay {n 
guidance and fire control radome designs were 
undertaken by both the Navy and the Air Force 
Radome Groups. Inittally, most of the studies 
of phasing effects were conducted with manually 
Operated equipment, but tn 1954 both the Ohio 
Stite University Research Foundation and the 
Goodyear Aircraft Sorparation Developed auto- 
matic test equipment 8 for measuring and re- 
cording the phase-front patterns of radar an- 
tennas, ag perturbed by the radome. This 
equipment was of considerable aid in error 
Investigation research, 
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1-44 Supersonic Rain brosion Investigation 


By the spring of 1953 the rain erosion problem 
again had become persistent, With the coming 
vi supersonic tint, the rate of erosion for eve 
neoprene-protected radomes had become criti- 
cal. An urgent search for better means of pro- 
tectiou and/or better basic radume materials 
had become mandatory, Under the sponsorship 
of Wright Air Development Center, the Convair 
Division of the General Dynamics Corporation 
af San Diego built and placed in operation a 20- 
millimeter ballistics test equipment and firing 
range for teating radome materialg at speeds up 
to approximately Mach 2, This test facility and 
the program associated with it soon demonstrated 
that the usefulness of the neoprene coating was 
greatly impaired at these high speeds and that 
the usual plastic taminated radome materials 
were of only marginal usefulneas, It was found, 
however, that adequate streamlining of the 
radome’s shape, to incline the exposed surface 
ata shallow grazing angle to the droplet trajec- 
tories, markedly incrcased performance, (See 
Chapter 7 on Rain erosion probleme for further 
details.) 


1-45, The ONR Radome Symposium 


It was apparent by early 1953 that a need ex- 
tated for a general exchange on radome tech- 
nology to stimulate development progress, In 
June of 1953, the Office of Naval Research 
sponsored a symposium on guided missile 
radomes at Washington,!9 This symposium gave 
a great deal of impetus to radome development 
efforts throughout both governmentand industry, 
The benefits derived Fick this meeting, par- 
tleularly from the written Proceedings ‘ssuing 
from it, proved conclusively the need for and 
the value of such meetings. These conclusions 
led to the initiation of the USAF sponsored Ohio 
State University Radome Symposium, discussed 
later in paragraph 1-54, 


1-46. Radome Error Prediction 

In 1954 and 1955two USAF sponsoredresearch 
and development contracts on boresighting 
error prediction were initiatedfor the monopulse 
and conical scan cages® at the Glenn L. Martin 
Company and Dalmo-Victor Corporation, re- 
spectively, These‘wo programs are based upon 
the theory that it should be possible to calculate 
the error characteristics of a radome through 
use of modern high-speed electronic computers, 
if suitable near-field antenna aperture data can 
be measured and appropriate mathematical 
equations derived. Both programs are in the 
cOmputation stage at this writing and hence 
cannot be assessed. 
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1-47, Error Correction by Empirical Means 


Work on the USAF Falcon radome 8 by the 
l.ughes Aircraft Corporation in 1955 demon- 
strated tnat if an initially uniform and sym- 
metrical radome blank is first produced, its 
measurederror tharacteristic canbe corrected 
tu tolerable performance limits by a systematic 
insertion of dielectric obstacles at carefully 
chosen stationg on the inside surface of the 
radome,. (See the material in Chapter 4 onError 
guidance radomes for details.) This method 
provides an important means for designing and 
correcting radomes experimentally, regardless 
of the outcome of efforts at theoretical pre- 
diction of error, These obstacles also have 
been found useful for inc reasing the broadbanding 
characteristics uf the radome.!! (Early experi- 
mental work on the use of obstacle correction 
devices is also understood to have been done by 
both Goodyear Aircraft Corporation and Raytheon 
Manufacturing Company, but not reduced to a 
published systematic correction procedure for 
general use.) 


1-48, Development of Ceramics for Radomes 





Realizing that guided missiles would need 
radomes capable of operating at temperatures 
beyond the capabilities of plastic materials then 
available, the Air Force® and Navy,! in 1948, 
initlated work towardthe development of ceramic 
materials and constructicns, The Navy’s work 
with Virginia Polytechnic Institute, was pre- 
dominately on low density ceramic foams in- 
tended tobe usedultimately as sandwich radome 
core material, The Air Force’s work with the 
Stupakoff Ceramic Company concentrated both 
on low donsity core material and high-strength 
materials to be used ultimately as sandwich 
skins. Neither effort succeeded in producing 
immediately usable ceramic sandwich construc- 
tions. The Navy continued its efforts with VPI 
through the next several years. This resulted 
in adding a great deal mure to the store of 
general knowledge of low density ceramic mate- 
rials, but still no fully practicaland usable con- 
struction resulted, Upor recetpt of the recom- 
mendations contained in the Princeton study, 
the Bureau of Aeronautics, Navy Department,» 
initiated another development: contract with 
Rutgers University for the development of 
solid-wall ceramic radomesg and appropriate 
machining processes from which precision 
ceramic radomeg could be produced. Thig latter 
program covered processes and materials for 
applying steatite ceramics to radomes,. Slip-cast 
radomes are produced, which, in processing 
into precisionfinished radomes,are first dried, 
then bisque fired, and machined to finished con- 
tour and dimension. While further development 
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is necessary to carry such constructions into 
general production use, the future prospecta 
are very encouraging. A subrequent USAF 
program”? on sandwich conetruction waa initi—_ 
atedat the Ceramics Department of Engineering 
at the Ohio State University Experiment Station 
in June 1954. Although this program haa suc- 
ceeded in producing small radome-like shapes 
of ceramic "A"-sandwich construction, its 
product is far from practicalat this time (1956), 


1-49. Loaded Core Sandwiches 


In recognition of the electrical advantages of 
the solid-wall, single-layer radome design, but 
seeking a lighter weight construction, the Boeing 
Airplane Company in 19528 investigated the 
possibilities of loading the Hghtweight foank. core 
material of an "A" sandwich to match the di- 
electric properties of the structural skin of the 
sandwich, This ideally would produce a radome 
having the strength/welgbt ratio properties of 
"A" asandwich construction, but having the elec- 
trical properties of the simpler solid-wa!l con- 
struction. Boeing reported on their findings in 
January 1953, and is understood to have filed a 
patent thereon, The McMillan Laboratories 
also devised a similar concept of loaded sand- 
wich construction about 1953, and they, too, are 
understood to have applied for a patent. The 
difficulties with these early attempts at loading 
were that uniformity of dielectric constant 
throughout the body was below desirable limits 
and dielectric losses were rather high. Practical 
constructions did not become readily available 
for experimental use, The Air Force later 
sponsored some contract efforts to improve the 
uniformity and loss characteristics, through 
work at the Emerson & Cumming Company and 
the Goodyear Aircraft Corporation, It ig under- 
stood that related work ia under way at Lockheed 


Aircraft Corporation, Final results are not yet 
available for assessment of their ultimate 
practical value, ‘ 


1-50. Radome Anti-Icing and De-Icing 


Icing of radomes hag long been a recognized 
problem, since accumulation of ice on the sur- 
face definitely upsets the otherwise carefully 
worked out electrical designs and results in 
seyere pattern distortions, reflections, and 
losses. The undesirable effects of icing firat 
came to attention in the case of shipborne ra- 
domes. Some early work on radome de-icing 
methods was carried out at Radiation Laboratory 
in late 1943 and reported in early 1944.6 The 
degree to which icing is truly an important 
problem to airborne radomes is sti] somewhat 
obscure, not because of any doubts of its effects, 
but rather because of doubt that the full-time 





compromises @hich attend provisiona for its 
removal are warra:ted by the relatively few 
occasions of its encounter. 


A number of different de-icing systems have 
veen introduced into the radome field.” (See 
Chapter 6, onstructural design.) The mechanical 
removal of ice witha rubber de-icing boot using 
pulsating air pressure to break up ice forma- 
tions has been used with some success for 
lower frequency radars. A number of freezing- 
Point depressant fluid type de-icing systems 
have beentried fromtime totime with moderate 
success, These systems generally utilize 
ethyleneglycol as the freezing-point depressant 
and removal agent. The ethyleneglycol is ap- 
plied by spraying the radome surface during 
flight as necessary. The Northrop Aircraft 
Corporation, working on the F-89 radome, is 
believed to have been the firat to develop this 
type of system, though Lockheed’s work on the 
F-94 came about the same time. A third anti- 
icing and/or de-icing system has heen used with 
similar degrees of success. In thia method the 
sandwich radome wall ia built with alr ducts 
incorporated into the sandwich core material, 
through which high-temperature air is circulated 
to prevent or remove ice formations. Norta 
American Aviation, Inc,, is believedto have been 
responsible for the initial successful pioneering 
of this method of radome ice control on its 
F-86D airplane, Figure 1-10 illustrates the 
construction of this early North American 
anti-icing radome, The Douglas Aircraft Com- 
pany soon thereafter worked out a similar sys- 
tem, in which a fluted core construction, pre- 
pared by. the lost wax process, considerably 
simplified the fabrication of the thermally de- 
iced radome. In this system, the core of the 
sandwich radome igs made up of extruded wax 
strips wrapped with resin-impregnated glass- 
fabric tape, which is laid up in parallel array 


as core mate.ial and overlaid with a wet lay-up 
of the skin !aminate. Upon curing of the lami- 
nating resin, the wax ie melted cut of the core, 
leaving continuoua ducts for passing heated air 
through the core, (See Chapter 8. "Organic 
Materials and Radome Conatructions,") 


1-51. Large AEW Search Radomen 


What is undoubtedly one of the largest airborne 
radomes thus far produced was built by the 
Lockheed Aircraft Corporation in 1953 for the 
Navy WV-2 aircraft!9 and for the similar USAF 
RC-i21 aircraft.8 This large radome is for 
AEW (Aircraft-Early-Warning) radar, and is 
intended for Continental Air Defense, to extend 
the coverage of the ground radar fence being 
installed around the perimeter of the North 
Americancontinent, Twolarge 3-kilomegacycle 
blister radomes are installed on thie Lockheed 
"Super Constellation," shown in Figure 1-12, 
The largest radome, on the belly of the aircraft, 
measures approximately 25 feet in length by 18 
feet in width. The large radome hump onthe 
top of the aircraft is that covering the height 
finder radar antenna, Other 10-kilomegacycle 
navigational radar equipment is installed in a 
smailer nose radome. 


1-62, Artificial Dielectric Research 

As a follow-up of another recommendation 
contained in the Princeton report of 1952, two 
research programs on artificial dielectrics 
were initiated by the Navy,2°and a third by the 
USAF, ® to seek an effective radome wall di- 
electric constant of unity. The Bjorksten Re- 
search Laboratory was the Navy contractor for 
investigating the embedding of metallic grida in 
the radome wall as a means of increasing the 
phase velocity through the wall, This was an 
attempt to neutralize the normal phase retarda- 





Figure 1=12. Abrcrett-Eerly-Waming Redomes on an Air Force RC-12! 
(By permission of Lockheed Aircraft) 
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tion introduced by the dielectric constant of the 
material, The Bjorksten studies (1953-1954) 
demonstrated definite tmprovements for one 
of the two principal relative polarizations, but 
only limited gains for the orthogonal relative 
polarization. Nevertheless, the gains made 
were deemed sufficient to warrant further af- 
fort, A current follow-up contract initiated by 
the USAF in early 1956 with the Stanford Re- 
search Institute shows promise in approaching 
the solution to the remaining difficulties with 
the orthogonal polarization characteristic. The 
second related research project was a Navy 
sponsored Westinghouse study (1953-1954), in 
which efforts were made to neutralize the normal 
dielectric constant of the radome mater/11 by 
embedding oriented metallic dipoles inthe form 
of tiny wire helices. This effort did not prove 
practical for general use, since tolerances on 
placement and orientation ofthe helix dipoles in 
three-dimensional array provedtoo difficult. 
The third effort, made bythe USAF, was carried 
out through a contract (1953-1955) with the 
Laboratory for Insulation Research at Mass- 
achusetts Institute of Technology. This was a 
search for ferrite-type materials whose product 
of dielectric permittivity and magnetic perme- 
ability could be made equal tothat of free space, 
and thereby make the propagation constant equal 
to that of space. This effort did not succeed in 
finding practical materials, since all those ex- 
hibiting desired values of the real part of the 
permittivity and permeability constant still 
exhibited too much absorption loss, and hence 
did not adequately produce the desired effect, 
This approach may warrant effort at a later 


periud when ferrites have been developed fur- 
ther. These approaches, had they proved prac-- 
tical, would have subordinated the radome 
refraction effect by equating the propagation 
constant of radome wall to that of aurrounding 
space, and would have permitted the designer to 
groda thickness to Cumtrui reflections indepen- 
dently. 
1-53, Recent Trends in Falred Radome Design 

The trend, begun in 1945, to integrate the 
radome into the airframe design has continued 
ever since. Nearly all radomes in present day 
aircraft are faired-in flush with the aircraft 
skin, as illustrated in Figure 1-13. Further, a 
strong trend toward adding instrumentation 
booms andother acoessoriesto the radome tip, 
as illustrated in Figure 1-14, hag complicatad 
the radome problem in recent years, 


After a 2-year gap following the ONR Radome 
Symposium in 1963, the USAF Wright Air De- 
velopment Center undertook sponsorship of 
another radome symposium in Juneof 1955 with 
the Ohio State University Research Foundation 
as host.8 The enthusiastic response to this 
symposium again clearly indicated the growing 
interest in the radome field, and the need fora 
continued interchange of technical information 
on radome development. Asa result,a decision 
was reached to continue the program ona yearly 
basis, as long as the need remains, A second 
radome symposium was held at Ohio State 





Figwe 1~13, Boeing 8-52 Heavy Bomber With Nose ond Chin Radomes Fluch-Faired into the Fuselage 
(Oficial Air Force photo) 
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Figure 1-14. Convair F-102A Fighter, With Nose Fire Control Radome and Instrumentation Boom 
(Official Air Force photo) 


University inJune 1956, The reader is referred 
to the proceedings of these symposia to fill in 
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INDEX OF SYMBOLS 


Nata tian 
aa 


tion. Thé following nviaiion is employed in Et 
this chapter. Vector quantities are underlined, 


as E. Complex quantities are dotted, as T, Phase ejat 


angles of complex quaatities are primed, as ‘I. 
An asterisk indicates the conjugate quantity, as F 
Ej*. The conjugate of Aejb, for example, is 
Ae-Jb if A and b represent real numbers. A 


symbol neither dotted nor underlined indicates i 
the absolute magnitude of the quantity. The sub- a 
script, indicates perpendicular polarization. J 
The subscript " indicates parallel polarization. J 
1 
A Aperture area, without radome # 
A Aperture area, with radome e 
a Distance from gimbal point to radome ,' 
vertex 
Pi 
a Semi-major axis of ellipse 
b Semi-minor axis of ellipse 
R 
Cc Distance from base of radome to i 
gimbal point Ry 
c Caliber of ogive 
Re 
d Thickness 
R 
de Electrical thickness (measured in " 
wavelengths) Rp 
dg Skin thickness r 
d As subscript, indicates "depolarized" 
r 
E Electric field intensity 
r 
Eg! Incident field i 
Ty 
ES Scattered field 
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Total field 
Time variation factor 


Fineness ratio 


As subscript, indicates "incident" 

Current flowing in free space ' 
First-order Bessel function 

Mayuetic field intensity 

Density (watts/area), without radome 

Density (watts/area), with radome 

Distance from coordinate origin, 

along axis of propagation of 

incident wave 


Radius of curvature of ogive 


Ratio of reflected and incident electric 
field intensities at dielectric surface 


Power refiection coefficient 
Power reflection coefficient 
Radius at base of radome 


Axial ratio of polarization ellipse of 
incident wave 


Reflection coefficient 
Reflection coefficient 


Factor reducing amplitude of plane 
wave passing through plane sheet 


INDEX OF SYMBOLS (cont) 


T 13 Power transmission coefficient 

Ty Face reducing amplitude of plane 
wave passing through plane sheet 

T x? Power transmission coefficient 

t Time 

t N Interface transmission coefficient 


tan a Slope of conical section of conical 
radome fairing 


A Propagation constant of dielectric 
material 

8o Free-space propagation constant 

¥ Propagation constant 

a Insertion phase delay 

ad Amount by which sheet is uniformly 
too thick 

bey Permissible tolerance (in dielectric 
constant) 

be Electric loss tangent 


m Magnetic logs tangent 


6 Dielectric constant 

€¢ Core rolative dielectric constant 
£ Dielectric constant of free space 
fr Relative dielectric constant 

fy Relative skin dielectric constant 


&x 
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Dielectric constant of medium in 
x-polarized field 


Dielectric constant of medium in 
y-polarized field 


Dielectric constant of medium in 
z~polarized field 


Angle of incidence 

Brewrter angle 

Angle of incidence at which periect 
transmission will be obtained through 
a lossless sheet 

Angle of refraction 

Radius of curvature of rays 
Wavelength in dielectric material 
Wavelength in free space 
Permeability 

Permeability of free space 
Relative permeability 

Polarizing angle between plane 

of incidence and major axis of 
polarization ellipse 

Conductivity of medium 


Far-field angle measured from 
antenna axis 


Look angle 


Angular frequency 
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ELECTROMAGNETIC FIELD AND OPTIC THEORY 


SECTION A. THEORETICAL DESIGN OF THE HOMOGENEOUS FLAT SHEET 


Many questions that arise in the design of 
radomes can be answered by reference to the 
theory of reflection and transmission of plane 
electrompgnetic waves by infinite sheets of di- 
electric material. Indeed, plane-wave plane- 
sheet data are often employed in radome anal- 
ysis to avoid the complexity of methods which 
apply more rigorously to curved radome shapes. 
To introduce radome terminology and some of 
the fundamental concepts, the equations for 
reflection at a dielectric interface will be 
derived. These equations will be followed by 
abrief analysis of transmission through plane 
homogeneous sheets and sandwiches, as well as 
of the effects of manufacturing tolerances in 
thickuess and dielectric constant, 


2-1. Interface Reflection Coefficients 


Consider a plane wave impinging on the sur- 
face of an infinite dieloctric medium, as indi- 
‘cated in Figure 2-1. Let the axis of propaga- 
tion of the incident wave lie in the yz-plane and 
intersect the surface at an angle 9, measured 
from the surface normal, Thia angle is called 
the angle of incidence. All the space to the 
right of the xy-plane is filled witha dielectric 
material whose electrical properties are spec- 
ified by its dielectric constant «, permeability 
uw, and electric and magnetic loss tangents 
tan 5, and tan 3,,. For the present it is as- 
sumed that the material is lossless (tan Se = 
0 and tan’), = 0). The region to the left of the 
xy-plane is free space that is lossless and has 
parameters ¢g andy g, 


The electric and magnetic field intensities E 
and H are vector quantities, having not only 


magnitudes (E and H) but also directions. In 
Figure 2-1 the incident electric field intensity, 
E;, is shown oriented in the x-direction. The 
orientation of the electric field intensity vector 
is described by the "polarization" of the field, 
It will be assumed that the direction of Ey does 
not vary with time; in other words, the incident 
wave ls "linearly polarized." At any instant of 
time, the directions of the field intensity vectors 
of a plane wave have the following properties. 


a. E, Hand the line of propagation aro mutu- 
ally perpendicular, Therefore, a plane wave is 
uy a TEM wave (transverse electric mag- 
netic). 


b. H lies 90° clockwise from — from the view- 
point of an observer looking along the axis of 
propagation at the departing wave. 


The field intensity vectors in Figure 2-1 are 
oriented in adherence to these rules. 


The “plane of incidence" of the wave otriking 
the dielectric interface is defined by the axis of 
propagation and the normal to the surface. 
Thug, in Figure 2-1, the plane of incidence ts 
the yz-plane. Since E, is perpendicular to the 
plane of incidence, the Incident wave illustrated 
in Figure 2-1 is said to have "perpendicular 
polarization." 


It is assumed that the incident wave ts of a 
single frequency f, and that, therefore, the elec- 
tric and magnetic field intensities vary ainu~ 
soidally at each point in space. A piane wave 
traveling through a lossless medium has uni- 
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Figure 2-1. Plana=Wave Reflection and Transmission of o 
Dieleceric Intertoce with Perpendicular Polarization 


form amplitude at all points. Its phase is re- 
tarded by 360° for each wavelength the ob-« 
server moves along the axis of propagation. 
The planés of constant phase are perpendicular 
to the axis of propagation. These statements 
are expressed more precisely hy the following 
equation: . 


Ej = cos Wt-Ag p)) (2-1) 
where w ‘is 2nf, the angular frequency; 
t is time; 


By 1827/do, the free-space prop- 
agation constant; 


hg is the wavelength in free space; 
and 


Py is distance from the coordinate 
origin, measured along the axis 
of propagation af the incident 
wave. 


To facilitate mathematical derivations, Equa- 
tion (2-1) is generally written as 


J(wt-2 gp,) 
Ej =e (2- 2) 
where j is ¥-1, mn using this exponential form, 
it is understood that the value of Ej is given by 
the real part of the expression. With this un- 
derstanding, Equations (2-1) and (2-2) agree. 
For brevity, the time-variation factor, e*#', will 
be omitted in what follows, as is customary, 


From Figure 2-1, 
Py =% cos 6 +y sin 8 (2-3) 


so that Equation (2-2) becomes 


-j6,(z cos 6 + y sing) 2. 
Ej 2@ 0 : ( ” 


ra be 
ADS sae Lacan alitee 


n,- [2s 2 
i* Fag “I (2-5) 


The corresponding expressions for the reflec- 
ted wave shown in Figure 2-1 are 
“Hp P, ~}9(-2 cos O+ysin @) 
Ey, =re =rye 
(2-6) 


u,-/2 ¢ (2-7) 
rr’) #9 r 


where r, is the interface reflection coefficient. 
From Fquations (2-4) and (2-6) the interface 
reflection coefficient is definéd by 


and 


Joe (2-8) 


evaluated at the interface. Similarly, for the 
transmitted wave, 


“JA Pt ~jA(z cos 6, +y sin 4.) 


Ey =te tye (2-8} 


and 
a |S - 
Hy= |< Ey (210) 
where @,, is the angle of refraction; 
B = &nfx=wJue, the propagation con- 


stant of the dielectric material; 


AO 
AF Jen os the wavelength in the di- 
electric material; 


fy = ¢/cg, the relative dielectric con- 
atant of the medium; and 


t) ig the interface transmission coeffi- 
cient. 


Thus 


pe (2-11) 


evaluated at the dielectric interface. 
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It will be assumed that the dielectric material 
ie nonmagnetic (#=# 9), which is essentially 
true of most dielectric materials. Magnetic 
materials are considered in Section E. 


The reflection and transmission coefficients 
and the angle of refraction can uuw be dcter- 


minedby application of two boundary conditions: 


a. The components of E tangential to the sur- 
face are continuous across the boundary. 


b. The components of H tangential to the sur- 
face are continvous across the boundary. 

The field in the free-space region in Figure 
2-1 is composed of an incident wave plus a re- 
flected wave, f.e., 


E =E, +E, (2-12) 


Because Ey and Ey are pavallel (Figure 2-1), 


E=E,+E, (213) 

From Equations (2-4), (2-6) and (2-13), at the 
interface 

“Soy sin 6 

E=(l+ry)e (2-14) 

The field in the dielectric-filled region in 

Figure 2-1 consists of just the transmitted 

wave, and at the surface it is, from Equation 


(2~9), 
-jéy sin 5, 
E, = tye 


” 

Equations (2-14) and (2-15) give the compo- 

nents of, vlectric field intensity which are tan- 

gential to the dielectric interface on both sides 

of the boundary. The first boundary condition 
requires that these be equal: 


(2-18) 








~JBpny sin @ ~jAy sin 6. 
(lane = te F (2-16) 
Therefore, 
\ sin 9 
en ees l¢ (2-17) 
and 
lerrt (2-18) 


Equation (2-17) is known as Snell’s law. Equa- 
tion (2-18) can alsobe derived from energy con- 
siderations, since the time-average power 


transmitted througha unit area of the dielectric 
surface must be the difference between the 


power incident on the area and the power re- 
flected from the area. 


The components of Hy, H,, and # tangential 
Tigu way 


to the interface are, from re 2 
Hiy = H, cos ¢ (2~19) 
Bry = - H, cos 6 (2-20} 
Hy = H, cos 4, (2-21) 


Application of the second boundary condition 
yields: 


(1 - r) {<9 208 8 et fe cos 4, 


From Equations (2-18) and (2-22) the desired 
expression for the reflection coefficient is ob- 


(2-22) 





tained: 
cop 9 - \/e- sin? oe 
r= — (2-23) 
cos 6+ « - sin? 6 


Figure 2-2 illustrates a dielectric interface 
with an incident wave polarized parallel to the 
plane of incidence. Since in this case the in- 
cident and reflected magnetic field intensities 
are parallel to each other and to the surface, it 
ig convenient to define the reflection coefficient 
as 


H 


ry) (2~24} 
Hy 

evaluated at z = 0. Applying the boundary con- 

ditions as before, it is found that 


/ Z 2 
6, COB 6 - Ey sin“ 6 


ie (2-25) 
I €y COS G + Ves - sin* 6 


Equations (2-17) and (2-18) are also found to 
apply for parallel polarization, so that the angle 
of refraction is indepondent of polarization. 


At normal incidence (@ = 0), there is no dis- 
tinction between parallel and perpendicular 
polarization and ry and r, become equal in mag- 
nitude. They differ in sign at normal incidence 
only because r, was defined by Equation (2-8) 
as the ratio reflected and incident electric 
field intensities, whereas r, was defined by 
Equation (2-24) as the ratio of reflected and 
incident magnetic field intensities. At grazing 
incldenge (oe 96°), total reflection occurs for 
either polarization. At all other angles of in- 
eidence, rj is smaller in magnitude than r,. 








Figure 2-2, Plane—Wave Reflection ond Trenamiasion atc 
Dielectric Interface with Parelle! Pelerization 


Tables of r,, r,, and Oy for various dielec- 
tric constants and angles of incidence are given 
in References 1 and 2. 


Figure 2-3 illustrates the interface reflection 
coefficients for various angles of incidence for 
a relative dielectric constant of 4. It will be 
noted that rH is zero at one angle of incidence. 





This is called the Brewster angle 6p, and is 
given by 
tan p= \/c, (2-28) 
10 See 
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Figure 2~3. laterfoze Reflection Coetticients fer Perpendiculer 
ond Poraile! Priertzation (From Reference 3 by Permission of 
MeGrewoHli!f Beek Compuny, tne.) 


Figure 3-4 shows the angle of refraction as a 
function of angle of incidence for a relative di- 
electric constant of 4. 


Lossy Materials. Thus far, only lossless di- 
electric materials have been considered. In 
lossy material the amplitude of a plane wave 
decreases exponentialty with distance. The 
transmitted wave can be expressed us 


az+b 
E, «ter (2-27) 


The incident and reflected waves in the air 
region are again given by Equations (2-4) 
through (2-7). By applying the houndary con- 
dition on tangential E, it ia found that 

ty= ler (2-28) 
and 
b= ~-J8, sin 4 (2-29) 

Now F; muat satisfy the wave equation, which 
can be written as follows if rectangular coordi- 
nates are used: 

ess (2-30) 
where 
ye Viwue +Jwe) (2-31) 
is the propagation constant and 
o =wetan & (2-32) 
is the conductivity of the medium, 


From Equations (2-27), (2-29), (2-30), (2-31), 
and (2-32), 
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Figure 2=4. Angle of Refrection of Plane Weve Crossing « 
Dielectric Interfece 


(1-j tan §) 


asz- 1éy 4. - sin2 6 (2-33) 
Applying Maaweii's equation 
Vx EB = - jou (2-34) 


it ig found, from Equations (2-27) and (2-34) 
that the tangential component of the magnetic 
field intensity in the transmitted wave is 


fat et? +by 
L 


ya (2-35) 


Finally, the reflection coefficient is deter« 
mined by application of the boundary condition 
on tangential H. 


cos @ - ep (1-} tan 5) - sin® ¢ 
fk (Sa ee (2-36) 
cos 6+ je, (1-j tan 8) - sin®s 


For parallel polarization, the transmitted field 
is 








az +b 
Hetie (2-37) 


where a and b aregiven by Equations (2.29) and 
(2-33) as before. Ths tangential component of 
transmitted electric field intengity 1s found from 
Equation (2-37) and 


Vx He (oc + jwe) E (2-38) 
to be 
az + by 
~at 
Eee ths (2-30) 
o + jwe 


Thus, it is found that 


€y (1 - j tan 5) cos 6 - 
Ve, (1- J tan 8) ~ sin? | 


ry = ——— (2-40) 
€» (1 - tan 8) cos @ + 


ver (1 ~ J tan 5) - sin? 2 


The reflection coefficients for lossy media are 
complex quantities, indicated by dota placed 
above the symbols, as in Equations (2-36) and 
(2-40). When the reflection coefficients are 
complex, this signifies that the incident and re- 
flected waves are no longer in phage (or 180° 
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out of phase) at the interface ag they were in 
the lossless case. 


Te will he noted that the evnraccions for the 
reflection coefficients for lossy media differ 
from those for the lossless case only in that 
e; has heen replaced with~ -(1 - j tant). 


For low-loss material, the interface reflec- 
tion coefficients have practically the same 
absolute magnitudes as thoge for lossless ma- 
terlal of the same dielectric constant. The 
phase of the reflected wave can, however, differ 
appreciably from what it is for a lossless 
medium.’)4 Also, r, does not quite vanish at 
the Brewster angle as it did in the lossless 
case. For low-loss material, it can be shown 
from Equations (2-29) and (2-33) that the angle 
of refraction is still given by Snell's luw, given 
in Equation (2-17). 


2-2, The Homogeneous Flat Sheet 


Transmission and reflection by a plane di- 
electric sheet (also called a slab or a panel) can 
now be analyzed in terms of the interface re- 
flection coefficients. The boundary conditions 
at thetwo parallel plane surfaces of a sheet can 
be satisfled if incident, reflected, and trans- 
mitted plane waves are assumed as in Figure 
2-5. These waves are expressed by 


“Jy (2 cos 6 +y sin 6) (in region 1) 


Ej x@ (2-41) 
. “Wg (-2 cos @+y sin @) (in region 1) 

E, = Rye (2-42) 
. s4(z cos 6, +y sin 4,) (tn region It) 

Eot = Tee (2-43) 
, B(-z cos 4 +y sin 6) (in region IT) 

Eg, = Ree (244) 
~$Ag (2 cos 6 +y sin 6) (in region 0) 

Ey = ‘the (2-465) 


The two plate waves in the dielectric sheet 
may be considered to be the resultant of mul- 
tiple reflections at the two surfaces. By apply- 
ing the boundary conditions at each surface, it 
is found that for a lossless sheet the complex 
reflection and transmission coefficients are 


A rh - exp (-2) By d J sin? 6) | 


1 (2-46) 
1- n° exp (+2) Ay d ee sin” 6) 





and 





qQ -r,?) oxo -ifgs (cosé- Je.- sin® | 


L= —— 2-47 
ter *exn(-2)4d /e - sin? 6) pat 
1 Sm = OES wis 


where exp(x) is used {2 denote e*, 


The reflection and transmission coefficients 
for parallel polarization are obtained from 
Equations (2-46) and (?-47) merely by replacing 
the symbol, with). ‘fhe equations for. lossy 
sheets are obtained fr.-m Equations (2-46) and 
(2-47) by replacing «,, with «, (1-j tan») and by 
using the value of Fyor f 1, from Equation (2-36) 
or Equation (2-40). 


It will be noted that R is the ratio of reflected 
and incident electfie. : eld intensities at the di- 
electric surface. Ry iy the ratio of reflected and 
incident magnetic tleta intensities at the sur- 
face, That os is, 


R,=—,atz-=0 (2-48) 
Ej 
and 
: Hy 
R| =—,atz=0 (2-49) 
Hy 


Thus, Ry and R j have thesame significance for 
dielectric sheets | as f and f | have fordielectric 
media of infinite thickness; indeed, from Equa- 





Figure 2-5. Traneaiesion end Reflection By « Plone Di- 
electric Sheet fer Perpendicules Polacisation 


tion (2-46) it can be shown that Rj, and Ry be- 
came equal to ry) and ry, respectively, as the 
thickness d becomes infinite, no matter how 
small the loss tanzent may be. 


The transmission coutficient 1) is defined as 
the ratio of the es Held Intensity at any 
of the sheet (with Scena case polarization) 
to the electric field intensity at the same point 
in the absence of the sheet. Similarly, Ta 1) 18 the 
ratio of the magnetic field intensity transmitted 
through the sheet (with parallel polarization) 
to the magnetic field intensity which would exist 
at the same point if the sheet were removed, 
(However, since the incident and transmitted 
waves are traveling inthe same medium and have 
the same axis of propagation, Et/E,; = Hy/H, for 
elther polarization.) Thus, the amplitude of a 
plane wave passing through a plane sheet is re-~ 
duced by a factor T, or Ty due to reflection and 
absorption by the sheet.* 


The power density in the wave passing t hyough 
the sheet is reduced by a factur 7/2 or T,*, and 
these are called the “power Redarethe” co- 
efficients." Likewise, R¢ and R |,“ are the "pow- 
er reflection coefficients.’ 


Effect on Phase. In, radome design it is necs 
essary to know votonly the power loss produced 
by a sheet but also the effect of the sheet on the 
phase of the transmitted wave. The phase of a 
plane wave transmitted through a plane sheet is 
advanced by an angle T/ or Tj relative to the 
phase which the field would have at the same 
point in space if the sheet were removed. The 


insertion phase delay 4, or Aj is, therefore, 
dp=- Tj (2-50) 
or 
Ay = - Ty (2-61) 


The transmission coefficients are often defined 
in a different manner. The coefficients em- 
ployed by various authors have the same 
absolute magnitude as that in Equation (2-47), 
However, the phaseangles differ from that given 
by Equation (2-47) and are not equal to the in- 
sertion phase. A_ transmission § coefficlent 
essentially the same as that in Equation (2-47) 
is used in Reference 5, where it is called the 
“complex insertion transmission coefficient." 
This is quite appropriate and will serve to dig- 


i th eaten eee 


*The magnitude of a complex quantity is indi- 
cated by omission of the dot over the symbol. 








tinguish this transmission coefficient from the 
"normal transmission coefficient" 7. Accord- 
ing to the "normal convention" the phase of the 
wave emerging from the panel of Figure 2-5 is 
reierred to the intersection of the z axis with 
the right facg of the panel. The connection be- 
tween T and T is expressed as 


‘ -jAod cos 9 
tT = Te (2-52) 


T, and T,, become equal atnormal incidence, 
and cero at grazing incidence, For any given 
sheet and given angle of incidence, the trans- 
mission coefficient for parallel polarization ia 
equal to or greater than that for perpendicular 
polarization, (It was mentioned previously that 
ry éry.) For lossless sheets perfect trans- 
milaaioh is obtained for parallel polarization at 
the Brewster angle. 


Typical graphs of the transmission coefficients 
and insertion phase delay are given in Chapter 
13, Graphs and tables of transmission coeffi- 
clients, reflection coefficients, and insertion 
phase are given in References § through 16, 
Transmission through flat sheets is discussed 
in detail in References 3 and 17. 


2-3. The Thin Homogeneous Flat Sheet 


The electrical properties which are considered 
desirable in a flat sheet for radome construction 
include: 


a. High transmission (T = 1); 
b. Low reflection (R = 0); 


ec. Transmission independent of polarization 
(T= Ty) 


d, Insertion phase shift independent of polari- 
zation (Ty = Ty ); 


e. Minimum refraction (Section H). 


Furthermore, it is desired that the properties 
listed above be retained over a given range of 
frequencies, angles of incidence, and tolerances 
in thickness and dielectric constant. While 
these properties are always desirable, their 
relative importance is not the same fer all 
radomes. 


In principle, all of these properties ca 7c ob- 
tained to any desired degree by using u sheet 
whose "electrical thickness" is sufficiently 


small. The electrical thickness d,, or thick- 
ness measured in wavelengths, is given by* 


d ape 


a, = ae do (2-53) 


Thus, the electrical thickness depends on the 
physical thickness, the frequency, and the di- 
electric constant. Sheets which have an elec- 
trical thickness less than 0.1 have desirable 
properties, especially at low angles of inci- 
dence. Table 2-] lists the thickness of \/10 
sheets for various frequencies. 


Tnble 2~}. Thickness of \ / 10 Sheets 










thickness (Inches) _ 
f(me) fre fee’ 
100 8.34 5.9 
1,000 0.834 0.59 
10,000 0.0834 0.059 
50,000 0.0167 0.0118 


ns 


It will be noted that the electrically thin sheet 
becomes excessively thin physically at the 
higher frequencies. Although satisfactory thin- 
wall radomes have been designed for 10,000 
megacycles, it is doubtful that this structure 
can be utilized at significantly higher fre- 
quencies where strength is required. 


For parallel polarization, the transmission 
coefficient of the thin sheet increases as the 
angle of incidence is increased, and reaches a 
maximum near the Brewster angle. However, 
the transmission coefficient for perpendicular 
polarization decreases and the difference in 
insertion phase shift for the two polarizations 
increases. It is found that good performance at 
high angles of incidence may require an elec- 
trical thickness of 0.01 or less. Some of these 
points are illustrated in Figures 2-6 und 2-7 
which show the transmission coefficient and in- 
sertion phase delay for perpendicular polariza- 
tion for sheets of electrical thickness 0.01 and 
0.02, 





*In the literature, the term “electrical thick~ 
ness" is frequently used to refer to the quan- 
tity d/A'‘p fe, = siné?. For normal incidence, 
this is the same as Equation (2-53). 
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Figure 2-6, Transmission Coefficients of Lozaless, Thin, Flet Sheets for Perpendicular Polarizction 
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Figure 2=7. Insertion Phnae Delay of Lossiers, 
Thin, Flat Sheets 


From Equation (2-47) the power transmission 
coefficient of a thin lossless sheet for perpen- 
dicular polarization is approximately 


2 
md (€, - 1) 
12% 1- [<-| (2-54) 


The difference in insertion phase shift for the 
two polarizations is approximately* 


2 
nd (e, = 1) 3 
eee Sines (2-55) 
AQ Ep COG é 





T - Ts 


When the thin wall is feasible, it offers the 
following advantages over other types. 


a. Light weight. 


b. Tolerances jn thickness and dielectric con- 
stant are not critical providing the variations in 
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electrical thickness are not comparable to the 
design electrical thickneas of the sheet. (See 
Figure 2-6 for example.) 


c. High transmission is obtained even with 
relatively lossy materials. 


d. The thin sheet is oroadband since its per- 
formance is good at all frequencies below the 
design frequency. 


e. The insertion phase shift is small and is 
relatively insensitive to change of polarization 
or angle of incidence. 

f. Refraction is small (Section H). 

The properties of thin sheets are discussed in 
Chapters 3 and 6 and in several references 
listed in the bibliography. 

2-4. The Half-Wave Homogeneous Flat Sheet 

From Equation (2-47), perfect transmission 


will be obtained through a lossless sheet ata 
given angle of incidence,@ g if the thickness is 


(2-56) 





where n is any positive integer. A sheet whose 
thickness is given by Equation (2~56) is referred 
to as a half-wave sheet of order n. The thin 
sheet can be considered as an approximation to 
a half-wave sheet of order zero. Both T, and 
Ty are unity for the half-wave lossless sheet at 
the design angle of incidence. Moreover, the 
insertion phase is the same for perpendicular 
and paralle) polarization at the design angle of 
incidence, as is evident from Equation (2-47), 
Figure 2-8 shows the thickness of half-wave 
shecta of various dielectric constants versus 
the design angle of incidence. Figure 2-9 gives 
the transmission coefficients of a half-wave 
sheet which was designed for perfect trans- 
mission at 75° incidence. It will be noted that 
for parallel polarization the transmission ia 
also perfect at the Brewster angle, and that 
everywhere T) is equal to or greater than T,. 
The insertion phase shift is plotted in Figure 
2-10 for the same half-wave sheet, and it will 
be noted that the phase shift becomes indepen- 
dent of polarization at 76° incidence. 


No choice of thickness will yield perfect trans- 
mission through a lossy sheet, but, if the loss 
tangent is small, maximum transmission is ob- 
tained at approximately the same thicknesses 
specified by Equation (2-56). The use of a lossy 


material in constructing a half-wave sheet will 
cause the maximum transmission coefficient to 
be somewhat less than unity. Lf the sheet is 
designed for normal incidence and if the loss 
tangent is small, the power transmission coef- 
ficient for normal tneidence is approaiimately™ 
fat r + 1) tan x 
2 Fey, 

For frequencies between 5 and 25 kilomega- 
cycles (kmc), the thickness of the half-wave 
sheet of dielectric constant 4.0 ranges from 
approximately 0.6 to 0.12 inch. Therefore, - 
half-wave walls are generally very rigid struc- 
tures for the central band of microwave fre- 
quencies; in fact, their excellent structural 
strength and rigidity make them a suitable 
choice for many supersonic missile and air-~ 
craft applications. Another desirable feature of 
half-wave walls is their relative simplicity in 
terms of their electrical behavior. This is true 
primarily because the expression for the trans- 
mission coefficient of the half-wave wall is 
much less complex than that of a sandwich. 
While design computations for beam distortion 
can be cumbersome for a half-wave wall, the 
same computations for a sandwich are more 80 
by a large factor.* 


(2-57) 


Although the half-wave sheet has excellent 
properties at the design angle of incidence, at 
other angles the transmission coefficients de- 
crease and the insertion phase shifts, for the 
two polarizations become unequal. This prob- 
lem is investigated in Reference 5, which dis- 
cusses the choice of dielectric constant and the 
design angle 6g required to obtain the following 
electrical properties over a given range of in- 
cidence angles in the neighborhood of 89! 


a. Minimum reflection Ri 


b. Insertion phase shift T; or Tj as nearly in- 
dependent of angle of incidence as possible; and 


c. Minimum differential phase shift |T/ - Ty | . 


It is shown? that the worst dielectric constant 
for achieving the above properties varies from 
3 to 5 (depending on which criterion is used) for 
a normal incidence design, down to 1 or 2 for 
grazing incidence design. Thus, by any of the 
above criteria, the more desirable behavior is 
obtained by choosing «, near unity ore, very 
large, and, as the case may be, either the 
closer to unity or the larger, the better. For a 


*This paragraph contributed by W.E. L. Boyce 
and E. O. Hartig, Goodyear Aircraft‘Corp. 
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Figure 2-8. Design Thickness fer Firet-Ordes, Halt-Wave, Homogeneous Flat Sheet 
(From Reference 18 by pormissten of McMillen Laboratory, Inc.) 


radome designed for high incidence angles the 
"goud" range of¢, is quite smail, vanishing 
entirely as grazing incidence is approached. 
For large« ,, tolerances play a dominant role. 
(See Section C.) Slight changes in dielectric 
constant or thickness may induce tremendous 
changes in the electrical properties. As the 
tolerances (in dielectric constant, thickness, 
loss tangent, and frequency) decrease, the opti- 
mum ¢ ,, increases and the electrical properties 
improve. In the extreme of zero tolerances the 
optimum dielectric constant becomes infinite 
and perfect electrical behavior is indicated. 


Jn practice the theoretical advantages of a 
low dielectric constant are difficult to roalise, 


with the exceptions of broadband performance 
and larger permissible tolerances. Materials 
having a dielectric constant less than 1.5 are 
generally uniatisfactory for solid wall radome 
construction because of low strength or poor 
thermal resistance. Even artificial dielectrics, 
which cancombine good mechanical and thermal 
properties with a very low dielectric constant, 
have not yielded a substantial improvement a 
the performance of high-incidence radomes. 

Materials having a dielectric constant as high 
as 10 are available with low loss tangent axd 
other properties suitable for radome construc 
tion. It is interesting to compare the properties 
of solid sheets of aielectric conatant 2, 4, 4, 
and 9for a given design angle (say 80°) ar:( loss 
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Figure 2-9. Trmamission Coefficients of Lossiess, First-Order, Hall~-Wave, Homoyeneovs Filet Sheet 


tangent (say 0.01) plotted versus angle of inci- 
dence, as in Reference 10. No improvement is 
obtained in the differential phase shift nor in 
the power transmission coefficients by use of a 
high dielectric constant up to 9. In fact, at 80° 
incidence T{ geta worse at the higher dielectric 
constar.ts; however, the insertion phase shift for 
parallel or perpendicular polarization varies 
less rapidly with incidence angle as the dielec- 
tric constant is increased. 
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Graphs of transmission coefficients and in- 
sertion Phase delay of homogeneous flat sheets 
are given in Chapter 13. Graphs and tables of 
tranamission coefficients, reflection coefficients 
and insert’on phase are given in References 6 
through 16. The properties of half-wave sheets 
are discussed in Chapter 3 and in several ref- 
erences listed in the bibliography. Additional 
materialon the subject will be found in Sections 
C, H, and K of this chapter. 
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Figure 2-10. Insertion Phase Delay of Lossless, Firet-Order, Holt-Wove, Homegeneaus Fiat Sheet 


SECTION B, THEORETICAL DESIGN OF FLAT SANDWICHES 


2-5. Coefficients for Multilayer Panels* 


Formulas. If we wish to calculate the trans~ 
mission and reflection coefficients for two or 
more plane homogeneous vanels in tandem, a 
reiteration of the procedure followed to derive 
Equations (2-46) and (2-47) may be used. Con- 
sider a plane wave in medium 1 (Figure 2-11) 
incident on a flat sheet of material 2 and thence 
into medium 3 which extends to infinity. With 
the or oer at that all coefficients may refer 
either to jor | | polarizations, we may write 
generes peorensibia similar to Equations 
(2-48) and (2-47): 


*Contributed by Robert E. Webster, The Ohio 
State University, Columbus, Ohio. 
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Rig * Fig + Qygdg (2-68) 
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where Ry3 =total reflection coefficient of in- 
cident wave; 


Roy = reflection coefficient of awave in- 


s a 
aident on the panel from medium 


3, with angle of incidence ¢ 9; 


~ 

T13 = total transmission coefficient for 
the panel (from the left side of the 
1-2 interface to the right side of 
the 2-3 interface) with phase ref- 
erence taken according to the 
"normal convention," Equation 
(2=52). 


and 


79 = 7 Ihy ea (1 = j tan 69) - sin® 6 (2-61) 


The dielectric constants of medium 2 and 
medium 3 relative to that of medium 1 are de- 
Noted tp andég. ‘The angles of propagation lu 
regions 1, 2, and 3 are denoted by¢, &o, and Oy 
and are related by 





sin 6 aie (2~62) 
2° == ~62 
fea 
and 
sin 6 
sin @ = ——== (2-63) 


‘ary 


The interface reflection coefficient ry is 
given by Equations (2-36) and (2-40) for perpen- 
dicular and parallel polarization, after replacing 
’ by $9 and Ey hy £9 in these equations, Fur- 
thermore, fo; =~ jg and fg = - f23. For 
perpendiqular polarization, : 


incident 
wove 





Figura 2=11, Plone Wove Crossing Two interferes 
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[tg (1 - jtan t9)- sin?” - 


[eg (1 - jtan 24) - sin? 





Hea mage te eee ees SBS 
oS | {tg (1 > jtan ty) - sin? ‘ 
L [eps fran 2g) aint > | 
and, for parallel polarization, 
(2-65) 


“egl-j tan ') fog(d-Jtan >9)-sin2 ¢ - 


ép(1-jtan 89) feg(1-jtan 53)-sin2 « 


r te re ea” 
29° [eg(t-dtan 4) fep(1-Jtan 59)-sin@s i 


The interface transmission coefficients are 
given by tyo = 1+ry9, tg; = 1-ryg, tog = 1+1rag 
and tzg = 1 - roq. If medium 3 were identical to 
medium 1, Equations (2-58) and (2-60) would re- 
duce tei jhe exception of the insertion-phase 
factor el/0 4 COS “to equations (2-46) and (2-47), 
the coefficients for a single-layer panel, 


Now suppose medium 3 to be replaced by a 
region of free space followed by another panel 
which in turn is followed by an infinite half- 
apace, as in Figure 2-12, A total transmission 
coefficient Tyg of the same form as Equation 
(2-60) may be written as 

a & 44 
a Ty3 T35 & 


15 a 





2yg dg (266) 


aocRya Rag © 


Where the interface coefficients have been re- 
placed by the corresponding coefficients appro- 
priate tothe two panels of materials 2 and 4. 
Letting dg~ 0, we obtain the transmission co- 
Gane fer a two-layer panel from Equation 
2-66): 





Figure 2=32. Tranemission Through Two Ponels 


T., 7 
Ti. ene Ss (2-67) 
dy =0 1 - Rs, Rs 


Expressions for Ry5 and Rgy maybe obtained 
similarly, and their form is that of Favations 
(2-58) and (2-59), Having evaluated 115, Ry5, 
and Rei; we may add another layer in the same 
manner; and so on, for as many layers as de- 
sired, The calculation for the nt" layer re- 
quires a knowledge of the gpetticient obtajned 
after addition of the (n - 1)'" panel (Tyy = Ty1, 
Rip a Ry) and calculations of ry ae coef- 
icients n+ -1)(n+1)» and + a 
for the additl nt), Rin in MD abaceins cies 
to the layer numbers (see Figure 2-13), 1n 
meaning from the left side of the first layer to 
the right side of the (n-1), n interface (first 
subscript < second subscript); but nl meaning 
from the right side of the (n— 1), n interface 
to the left side of the first layer (first sub- 
script > second subscript), All coefficients are 
calculated, of course, with assumed free space 
on either side of the layer (or layers) in ques- 
tion, The expressions for the total transmission 
and reflection coefficients, after addition of the 

layer, peccare 


s Fin Tn - 1) (a +2) a 
Mn+) “Re Sere nC ayT 
ni “(nm - 1) (n + 1) (2-68) 


Ba? Roa - 1) (nd) 
Riiay i)* Rin 7 —" oe (2-69) 
b- Rar Bq. 2) (ae) 


qe 
Ting 4) (n- ayRaa 


1) (n- 1) Rai R(n- 1)(n+-1) 
(2-70) 


Ring) = Rin 


Matrix Formulation, The reiteration proce- 
dures described by Equations (2-68), (2-69), and 
(2-70) can be get up as a seriesof matrix multi- 
plications. The formulation for any number of 


nel 





Tinie 


= Rin-ntn +) 
| Rn 


Figura 2~13, A Multiluyer Penel 


tandem panels is then systematic and compact. 
The formulation given here will use scattering 
matrices as described by Speer and Sisson. 


Tuusides au ulciiate VawWEeeEen TWO Senii-iii- 
finite media, as in Figure 2-14. Assume plane 
waves traveling toward and away from the 
interface in both media, and denote these as A, 
D, B, C, By application of the boundary condi- 
tions it can be shown that the linear relation 
between the waves is given by 


ec) Side oe A 
1-fyo 1- ty 
4 (2-71) 
“Fie } 
1- Fy 1-Fy9 


Next «-nsider waves in a homogeneous me- 
dium, referred totwo parallel imaginary planes 
separated a distance d, as in Figure 2-15. The 
two sets of waves are then related linearly as 
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Equations (2-71) and (2-72) thus define an 
interface matrix and a position matrix. Now 
assume a multilayer sandwich panel, for 
example, the four-layer structure of Figure 
2-16, which contains five interfaces and four 
panel thicknesses to be traversed, The inter- 
iuces are numbered 1, 3, 5, 7, and 9, and the 
thicknesses are 2, 4, 6, 8. With each interface 
and thickness we associate matrices M;. Mo, 
. .« Mg, defined by Equations (2-71)(2-72),and 


write 
i Le 
¥ = My ‘ (2-73) 


my4 Mayo 
: |= MpMgM7MgM5M4MyMoM 
thai theo (2-74) 


where 


0 


Thenif H= O and E = 1, G=Tand F = R, fora 
wave incident on the left side of the sandwich, 
Equation (2-73) thus yieldstransmission and re- 
flection coefficients for the four-layer panel. 
This matrix formulation is simple, systematic, 
and easy to program and check on a high-speed 
computer. 


2-6, The "A" Sandwich* 


The "A" Sandwich consists of two "skins" 
spaced by a "core" as in Figure 2-17, the core 
having a lower dielectric constant than the 
skins, The "A't sandwich was developed to ob- 
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Figure 2-16. “A"’ Sandwich as Analyzed in Tarms of its Inter- 
Face and Position Matrices 


*This section includes contributions from W. 
E, L. Boyce and E, O. Hartig of Goodyear Air- 
craft Corporation, and W. F. Croswell cf Ohio 
State University (formerly Wright Air Devel- 
opment Center), 
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Figuee 2-17. Symmetice! “A or '"B" Sendwich 


tain an increased strength-to-weight ratio as 
compared with the solid half-wave wall. In 
many cases where a thin wall is not sufficient 
structurally, and where a half-wave wall is too 
heavy, an "A" sandwich is used. The most 
widely used sandwich for search radomes isthe 
"A" sandwich. The skins usually consist of 
high dielectric constant, high strength, rela- 
tively heavy materials, Low density foam ma- 
terials or glass fiber honeycomb are used as a 
core material to obtain a low dielectric con- 
stant and light weight. 


The design of an "A" sandwich often proceeds 
as follows: 


a. Askin material is chosenonthebasis of its 
mechanical and thermal properties, as well as 
its dielectric constant and loss tangent, 


b. The skinthickness is chosen in such a way 
as to provide sufficient strength without ex- 
cessive weight. 


c. The angles of incidence to be encountered 
in the radome are found from a knowledge of 
the radome shape and the location of the gimbal 
point, using formulas such as are given in Sec- 
tion G, 


d, Sandwich transmission and phase delay 
curves (or contours such as shown in Figures 
2-18, 2-19, 2-20, and 2-21)are used to select a 
core thickness which will provide goud elec- 
trical performance over the given range of in- 
cidence angles for parallel and perpendicular 
polarization. ; 


A Lossless "A" sandwich will give 100 per- 
cent transmission at design angle of incidence 
9 if the core thickness dg is given hy: i 


PN 
tect ree 





(2-75) 


-rg - Tse") sin 26, 





where 








Vis 7 sin” 6 (2-76) 


The interface reflection coefficient rg is given 
by Equations (2-23) and (2-25) for perpendicular 
and parallel polarization (replace «, by «g). 
Also, rg, ta givenby Equations (2-84) and (2-65) 
(replace subscripts 2 and 3 by s and ¢).: 


Unlike the half-wave solid sheet, an ''A" sand- 
wich designed for maximum trangmigsion at a 
particular angle of incidence for perpendicular 
polarization will not have maximum transmis- 
sion for parallel polarization at the same angle. 
Furthermore, the "A" sandwich does not have 
the same insertion phase shift for the two po- 
larizations at the angle of incidence for which 
its transmission coefficient is maximum, as 
does the solid sheet. 


At first sight, it might seem reasonable to 
choose the core thickness which will provide 
maximum transmission at the highest angle of 
incidence to be encountered, using Equation 
(2-75) for perpendicular polarization. It is ap« 
parent in Figure 2-18, however, that such a de- 
sign may result in poor transmission at lower 
angles of incidence. Thus, if Equation (2-75) 
is used to select the core thicknegs, care must 
be taken in choosing the design angle of inci- 
dence 6p, and the design should be checked by 
computing the transmission which will be ob- 
tained for both polarizations over the req:ired 
range of incidence angles. 


Good transmission can be obtained by taper- 
ing the core thickness in accordance with the 
angle of incidence which will be encountered at 
each point on the radome wall. As seen in Fig- 
ure 2-18 for perpendicular polarization, high 
transmission throughout the incidence angle 
range can be obtained in this manner. 


However, comparison of Figures 2-18 and 
2-19 showa that no matter what core thickness 
taper is used either T, or T) will decrease 
rapidly at angles above the Brewster angle. As 
a result, the "A" sandwich is most useful at 
incidence angles below 74 to 80°. In fact, one 
of the principal disadvantages of the A" sand- 
wich is the sensitivity of ita electrical charac- 
{erlstics tochanges in polarization, particularly 
at high incidence angles. The transmission co- 
efficient may vary from near 100 percent for 
perpendicular polarization down to 50 percent 
for parallel polarization. 


It appears that excellent properties could be 
obtained by tapering both the core thickness and 


the core dielectric constant in accordance with 
the angle of incidence at each point of the 
radome wall. Bv thia meaana it ahold he cos. 
sible to obtain maximum transmission and con- 
stant insertion phase delay at each point. The 
dielectric constant could he tapered by varying 
the density of the foam material used as the 
core. 


For radome designs where the variation of in- 
sertion phase delay isimportant, contour graphs 
such as Figure 2-18 are particularly useful. 
This graph shows that the constant insertion 
phage delay curves are nearly orthogonal to 
the constant transmission curves. This means 
that for sandwich radomes with fairly thin 
aking, a core taper for constant insertion phase 
shift will be inconsistent with the requirements 
for high transmission. However, Figures 2-20 


‘and 2-21 show that up to 70° incidence a very 


low phase variation can be obtained by the use 
of thick skins and an increase of the dielectric 
constant of the skin. Since the thickness of the 
skin can be held to very close tolerances, the 
sandwich represented by these figures could be 
practical. 


The previous discussion has been limited to 
the consideration of symmetrical "A" sand- 
wiches. Now consider an ''!A" sandwich having 
sking of unequal thickness. In this case it is 
not possible to obtain perfect transmission for 
perpermdicular polarization if the two skin di- 
electric constants are the same.*” Asa result, 
the use of this particular construction has been 
limited. Since the unsymmetrical "A" sand- 
wich would be useful where it is desired to 
strengthen the outside skin to resist rain ero- 
sion, more analysis of this construction should 
be made. Under certain conditions, nerfect 
transmission can be obtained in a lossless non- 
symmetrical "A" sandwich if the skins differ 
both in thickness and dielectric constant, 


A sandwich which has been introduced recently 
uses a foam core which is loaded with inetallic 
particles to make the core dielectric constant 
equal to that of the skin. This construction 
combines the electrical properties of the solid 
half-wave wall with the physical properties af 
the sandwich./8 


The lossless "A" sandwich can be designed 
for perfect transmission at two angles of inci- 
dence, but this requires thick skins. /3,19 to 
explain how this is possible, assume that the 
core material is air and that each skin is a 
half-wave sheet with design angle 99; the sand~ 
wich will then give perfect transmission at 
angle of incidence @ 9, no matter what the core 
thickners is. Atother angles of incidence some 
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Figure 2-18, Tramamisston und Phase Deloy Contours for “A’’ Sandwich With 0.024 Skin Thickness 
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Figure 2-2], T-anamission and Phase Delay Contours for 'A' Sandwich with 0.055 Skin Thicknest 
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reflection will occur at each skin, but the core 
thickness can be chosento make these reflec- 
tivas cancel ai anotner angie of incidence ¢ 1. 
Perfect transmission will thus be obtained at 
angles:g and-;. If the above design were 
carried oui for perpendicular polarization, per- 
fect transmission would be obtained for parallel 
polarization at angles vg and @p (the Brewster 
angle), An'A" sandwich of this type might be 
particularly useful at very short wavelengths 
where its weight would not be excessive and its 
thickness would be an advantage rather than a 
disadvantage. If the air core 1s replaced with a 
spacer of low dielectric constant, perfect trans- 
mission can still be obtained at one angle 64 by 
proper choice of core thickness, but some loss 
of transmission would be expected at angles 
6g and Oy, 


Additional data on "A" sandwiches are given 
in Chapters 3, 5 and 13. Tables of transmission 
and reflection coefficients and phase shift are 
given in reference 20, Graphs of these data for 
"A" sandwiches are given in reforences 7, 13, 
14, and 21 through 26. Additiona) information 
on "A" sandwiches is given in several refer- 
ences listed in the bibliography. 


2-7, The "B" Sandwich 


Whereas the ''A" sandwich has skins of higher 
dielectric constant than that of the core, the 
"B" sandwich has skins of lower dielectric con- 
stant than that of the core, The "B' sandwich 
is often designed with skins of thickness given 
by 


x 
d. = 0. 


S ome 


4 Jeg - sin’ 6 








(2-77) 


and with a akin dielectric constant given by 


fg = te (2-78) 


where «, is the relative dielectric constant of 
the skin, Under these conditions, regardless of 
the core thickness, equal transmission is ob- 
tained for both parallel andperpendicular polar- 
{zation and the insertion phase shift isthe same 
for either polarization, at the design angle of 
incidence,18 This design does not provide max- 
imum transmission. It is possible to design a 
“B" sandwich for maximum transmission for a 
given polarization at a given angle of ‘incidence 
without specifying the core thickness, but such 
a design does not provide equal transmission or 
equal insertion phase shift for the twc polariza- 
tions, The weight of the 'B" sandwich ia likely 
to be greater than that of the "A" sandwich in 
most cases. However, the "B'' 3andwich may 


have good transinission over a wider range of 
incidence angles. 


The lossless ''B" sandwich can be designed 
for perfect transmission at two angles of inci- 
dence, To achieve this, *he skin dielectric 
constant is specified by 


f= Jt - sin? 6 cosa +sin® 6 


(L polarization) (2-79) 
or 


«! (€g - sin? 6) cos? 6 = fa? (€ - sin” 8) 
(nH polarization) (2-80) 


The skin thickness is then chosen by use of 
Equation (2-58), This will result in perfect 
transmission at the angle of incidence uged in 
Equations (2-78) and (2-79) or(2-80), If desired, 
the core thickness can then be selected to give 
perfect transmission at another angle. 


The ''B" sandwich is an extension of the idea 
of quarter-wave reflectioniess coatings used on 
optical lenses and on infrared radomes 
(irdomes).18 On the other hand, if the core 
thickness of the 'B" sandwich is reduced to zero, 
the "B" sandwich reduces to a half-wave wall; 
thus, since the core 1s often very thin (perhaps 
even vanishing in certain regions of the 
radome), it seems natural to think of the "B" 
sandwich as a generalization of the half-wave 


.wall. Whether the “B'" sandwich is designed 


for maximum transmission or for equal treat- 
ment of the two polarizations, the core thick- 
ness ts a free variable which can be used to In- 
troduce a taper into the radome yall to control 
the insertion phase, for example. 


The "B" sandwich is also discussed in 
several references listed in the bibliography. 


2-8, The "C' Sandwich 


The "A" and 'B" sandwiches provide greater 
flexibility in radome design than the solid sheet 
construction, Additional flexibility {gs offered 
by the "C" sandwich (or double sandwich), 
which coasists of five dielectric layers, as 
shown in Figure 2-22, A symmetrical ''C'' 
sandwich can be considered as two identical 
"A" sandwiches with zero spacing between 
them, Maximum transmission can be obtained 
with a lossiess symnietrical "C" sandwich by 
two methods: 


a. Design each of the two component "A'' 
sandwiches for maximum transmission (or 
zero reflection); or 


b. If the reflection coefficients of the two 
component sandwiches are not 
thelr individual reflections cancel. 


zero, make 





\ 





Figure 2-22, Symmetrical ““C"' Sandwich 


By satisfying condition (a) atone angle of inci- 
dence and condition (b) at another, the lossless 
"C' sandwich can be designed to have perfect 
transmission at two angles of incidence, 


The "C" sandwich is light in weight and is 
strong. The thicker construction required for 
the "C" sandwich (it is twice as thick as the 
corresponding "A" sandwich) gives much 
greater mechanical strength and rigidity —a 
factor which becomes very important in radome 
design for frequencies above X-band, The other 
factor that makes the ''C” sandwich advanta- 
geous is that it can be designed for high trans- 
mission upto greater angles of incidence than 
is possible with the "A" sandwich. However, 
very close tolerances must be held on the skin 
thicknesses to take mayan! 6 of the high inci- 
dence angle transmission. 


Graphs of transmission and reflection for ''C" 
sandwiches are given in Reference 27 and in 
Chapters § and 13. ''C" sandwiches are discussed 
in several references listed inthe bibliography. 
The transmission and reflection coefficients of 
the "C" sandwich can be readily obtained from 
those of the corresponding "A" sandwiches. 
The equations for this purpose are listed in Ref~ 
erence 20, 


SECTION C, TOLERANCES IN THICKNESS AND DIELECTRIC CONSTANTS* 


2-9, Parameters Aftecting Permissible Toler- 


ances 


The cost of producing a radome depends to a 
considerable extent on the tolerances which are 
specified for the thickness and dielectric con- 
stant of the radome wall, Moreover, of course, 
the electrical performance of the radome de- 
pends largely on the accuracy achieved in con- 
structing it according to specifications. Man- 
ufacturing tolerances are one of the chief limi- 
tations in the performance obtainable from 
radomes at the present time, 


It canbe stated in general that the permissible 
tolerances in wall thickness decrease as 


a. The wavelength decreases 
b. The dielectric constant increases 


c. The angle oc? incidence increases. 


*Much of the material in this section is taken 
from: Norman N. Wiederhornand Alan F, Kay, 
Radome Design Criteria for Precision Guidance 
Radar, Final Report, Contract AF33(038)-12283, 
McMillan Laboratory, Inc., Ipswich, Mass., 1 
June 1954. (Confidential), (AD-48 428), 
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Since thickness and dielectric constant toler- 
ances are larger for parallel than for perpen- 
dicular polarization, design is often made on 
the basis of the latter, 


2-10, Effect of High Dielectric Constant 


A lossless half-wave wall of sufficiently high 
dielectric constant and precise thickness can 
give arbitrarily low reflection in any range of 
incidence angles. This is suggested in Figure 
2-8, which shows the design thickness of half- 
wave sheets versus the design angle of inci- 
dence, for several choices of dielectric con- 
stant. Ifa high dielectric constant is used, the 
thickness required for perfect transmission be- 
comes almost indepyndent of the design angle of 
incidence, This is illustrated in Figure 2-63, 
where it will be noted that for a thickness of 
0.283 wavelength the power transmission coef- 
ficient of a sheet having a dielectric constant of 
4 remains above 0.93 for all angles of inci- 
dence up to 80°, A sheet of dielectric constant 
8 and thickness 0.186 wavelength will provide a 
power transmission constant greater than 0,97 
for angles up to 80°. (Sheets of extremely small 
dielectric constant also can give arbitrarily low 
reflection in any range of incidence angles.) 


This. situation is unfortunately modified crit- 
tcally by tolerances. The dielectric constant 
‘hat may be optimally employed is limited by 
the tolerance in dielectric constam, thickness, 
equency, aud luss taugeit, As these toler- 
ances go down, the optimum dielectric con- 
stant goes up und the corresponding reflections 
zo down. With the continued development of 
precision manufacturing techniques and quality 
control, higher dielectric constants could be 
employed, with ever improved electrical 
results, 


This problem is illustrated for normal inci- 
dence in Figure 2-23, which shows the power 
transmission coefficient versus thickness for 
homogeneous sheets of dielectric constants 2, 
4, and 8, Starting at the half-wave thickness in 
each case, a much larger change in thickness 
can be tolerated in sheets oflow dielectric con- 
stant before the transmission falls below 0.97. 
The thickness variation permissible for trans- 
mission exceeding 0.97 ig 0.12, 0.04, and 0,02 
wavelength, for sheets of dielectric constant 2, 
4, und 8 respectively, 


2-11. Calculation of Permissible Tolerances 


Manufacturing tolerances in wall thickness and 
dielectric constant are likely to occur as vari- 


ations randomly distributed over the wall. How- 
ever, they may occur in the following ways: 


a, The wallis everywhere too thick or too thin 
by @ flacd amuuni 


b. The wall is uniformly tapered in thickness 


c. The dielectric constant is everywhere too 
high or too low by a fixed amount 


d, The dielectric constant varies linearly along 
the length of the wall. 


The tolerances which are permissible depend 


on the manner in which the variations occur, ~ 


The least harmful errors arethose in which the 
thickness (or dielectric constant) has many 
rapid fluctuations along the length of the wall, 
such that the average vaiue over any area of, 
say, one square wavelength of the surface is 
equal to the exact value specified. Long taper- 
ing errors are likely to introduce much more 
beam tilting and pattern distortion than 
randomly distributed tolerances. 


To determine the fabrication tolerances nec- 
essary to main‘aina given tolerance in trans- 
mission coefficient, consider the case in which 
the sheet is uniformly too thick by an amount 4d 





Figure 2-23, Pawar Transm’ ssion Coefficients of Lossless Homogeneoss Plane Sheets for Normal Incidence 
(Trensmisxion Exceeds 97 Percent in Shaded Regions) 
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and the dielectric constant is uniformly too high 
by an amountAe,. According to Equation (2-47), 
if the electrical thickness of a lossless homo- 
geneous sheet differa slichtiv from that of a 
half-wave sheet of order n, the loss in power 
transmission will be 


: 2 
me ep lag nde, 


AT 2.2. —— + 
L A 
cos2 6 0 cle seinee \3 


(2-81) 


If the transmission tolerance is equally dis- 
tributed between tolerances in thicknessand di- 
electric constant, and if a loss in power trans- 
mission oath is permissible, thetolerances are 


dy fan)? cos 6 





- (282) 
ae (€, - 1) 
and 
~ cind gl? 2 
ne eg Wiersma) fe mF cos gy 
r 
nn(ey - 1) 


From Equations (2-82) and (2-83), it will be 
seen that the permissible tolerances are com- 
paratively large for low. dielectric constants 
and low angles of incidence, but they become 
very small for high dielectric constants: and 
high angles of incidence, Also, the tolerances 


are more severe in a high-order, half-wave 
sheet than in a lower order sheet. From Equa- 
tion (2-81), it will be seen that if the dielectric 
constant is ton high. it can he enmnangatead by a 
reduction in thickness, 


The thin sheat can he considered as a half- 
wave sheet of order zero. Now, the half-wave 
sheet of order zero has a design thickness of 
zero, as shown in Equation (2-86); thus, the 
thickness of the thin sheet i analogous to the 
thickness tolerance inthe n~?-order half-wave 
sheet, With this in mind, Equation (2-81) is 
applicable to the thin sheet, and it is noted that 
Equation (2-81) agrees with Equation (2-54), 
Thickness and dielectric constant tolerances 
are quite unimportant in the thin sheet unless 
they produce changes in electrical thickness 
which are comparable to the design value of 
electrical thickness. This is Ulustrated in Fig- 
ures 2-6 and 2-7 in which it is noted that a 100 
percent increase in thickness of the thin sheet 
produced no serious change in electrical cha - 
acteristics, 


In sandwiches it is necessary to consider 
thickness tolerances in both the skin and the 
core, as well as dielectric constant tolerances 
in both the skin and the core. It is found that 
for the "A' sandwich good transmission can 
be obtained through high angles of incidence 
oniy if the skins are very thin and the core 
thickness is held to a close tolerance.3)13 In 
the "C"' sandwich, very close tolerances 
must be held on the skin thicknesses to obtain 
good transmission at high angles of incidence. 


The problems of tolerances are considered in 
several references listed in the bibliography. 


SECTION D, POLARIZATION* 


2-12. Effect of Polarization 


Up to this point the characteristics of flat 
sheets have been considered only for incident 
plane waves having parallel or perpendicular 
polarization. In these two cases the trans- 
mitted and reflected waves havethe same polar- 
ization ag the incident wave. (This follows fron 
the results obtained in Section A.) Generally, 
however, the wave incident at a given point on a 
radome wall has neither parallel nor perpendi- 
cular polarization; instead, the incident wave 





*Much of the material in this section, through 
Equation (4-96), is contained in Reference 28: 
Robert E, Webster, Elliptical polarizations and 
radome errors, Report 663-3, Con! ract AY 
33(616)-3277, Antenna Laboratory, Ohio State 
University, 15 November 1956. 
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may be elliptically polarized as shown in figure 
2-24, or it may be linearly polarized with its 
electric field intensity vector making an angle 


xi 






axis of 
Propagation —_ 


polarization 
ellipse for 
incident wave 


Figure 2=24, Coerdinetes Fer on Ellip: lastly Polerized Wave 
Incident ono Dielectric Sheet 


SO 


é with the plane of incidence, as in Figure 2-25. 
In these cases, the polarization of the trans- 
mittee wave will generally differ from that of 
the incident wave. This depolarization effect is 
undestrable since it may represent a loss of 
useful power and it contributes to the directional 
errors iniroduced by the radome. 


2-13. Transmission Coefficients for Elliptical 
Polarization, 

‘lransmission through an tsotropic plane sheet 
or sandwich with an incident wave of arbitrarv 
polarization can be expressed in terms of the 
transmission coefficients for parallel and per- 
pendicular polarization. To do this, it is con- 
venient to define two unit vectorsi,, and 1, which 
are perpendicwar to each other and to the axis 
of propagation, as shown in Figures 2-24 and 
2-25. Let 4,,and 4) beparallel and perpendicular 
to the plane of incidence, respectively. Then 
the transmitted wave canbe expressed in terms 
of its components having parallel and perpen- 
dicular polarization, as follows: 


Ee = Ey d+ Ety iy (2-84) 


If Ey, and Ej | denote the components of the in- 
cident wave having parallel and perpendicular 
polarization, the transmitted wave is also given 
by: 


By = TB y+ Ty Byy dy (2-85) 


Frequently it is of interest to express the 
transmitted wave as the sum of a component 
TE, having the same polarization as the inct- 
dent wave, and a component Tg Eq havingthe 


orthogonal polarization, as follows: 
Ey = T, Ey + Ty Bg (2-86) 


where 


Ey = Eyl + Byy Ay (2-87) 





axis of propagation 


plone of incidence 


Figure 2-25. Linearly Pelorized Wave and Hts Parallel 
ond Perpendiculor Components 


and 


Eq = (E,* Ay . E;3 dy) el? (2-88) 


The subscripts i and d are intended to indicate 
the words “incident'' and "depolarized," re- 
spectively, 


The value ofy will depend on the choice of 
phase reference, and will be left arbitrary for 
the present, The expression for Eq given by 
Equation (2-88) fulfills the following require- 
ments: 


a. It assures that the polarization of Eg is 
orthogonal to that of £y. (For example, right 
circular ard left circular polarizations are 
orthogonal; vertical and horizontal linear po- 
larizations are orthogonal.) 


b, It makes the power density uf the wave Bq 
equal to that of the incident wave Ej. This nor- 
malizes Tg in the proper manner. . 


Equations (2-86) through (2-88) car. be sulved 
for the transmission coefficients, yielding 


. oy 2 
Tey? + ty By 


Tj (2-89) 
By? + By)? 
and 
. =f 
: . Bn Ein & 

T, 2 (T,-T,) ————- (2-90) 

d Lo lt 2 2 

Exy” + Eyy 


2-14. Trangmission Coefficients Using Axial 
Ratios. 

Equations (2-89) and (2-90) are compact and 
useful, but to use them one must insert the 
values of Ey; and Ej), fox the particular prob- 
lem, In many cases the incident wave is more 
convéniently described by: 


a. The axial ratio r (ratio of minor axis to 
major axis) of its polarization ellipse; and 


b. The polarizing angle ¢ between the plane of 
incidence and the major axis of the polariza- 
tion ellipse, (See Figure 2-24.) 


Expressions for Ty and Ty will now be de- 
rived in terms ef r andé, the Xj« and y,-axes 
and unit vectors i, and jy will be chosen to 
coincide with the major and minor axes of the 
incident polarization ellipse, so that the inci- 
dent wave can be written: 


Ey = ix ~ iriy) Byx (2-81) 





The parallel and perpendicular components of 
the incident wave are, from Equation (2-91) and 
Figure 2-24, 


iy = (cos ¢ - jr sin ‘) Fig (2-92) 
and 
Eis (siné + jr cos <) Eix (2-93) 


From Equations (2~85), (2-92), and (2-93), the 
transmitted wave is given by 


Et = [tu (cos + - jr sin <) ly + 


: _ (2494) 
Ty (sin ¢ + jr cos‘) | Eix 


The transmitted wave can also be written as in 
Equation (2-86) as follows: 


Et = [7 (ix - irly) + Ty (nix + ty) | Box (2-95) 


From Equations (2-94) and (2-95), the desired 
expressions for the transmission coefficients 
are 


i, . (r2 sin2z +cos* ¢) iy + (sin? é +r cos” ¢) ty 
144? (2-96) 
and 


ty = (b,- ty) lt sin 2¢- sane (2-97) 


In view of Equation (2-85), the quantities T, 
and ‘TY, appearing’ in Equations (2-96) and (2-97 
must be the "insert transmission coefficients" 
defined by Equation (2.47) (or corresponding 
equations in the case of sandwiches). From 
Equations (2-91) and (2-95), the transmitted 
wave component having the same polarization 
as the incident wave will, at each point in space, 
have field intensities equal to 44 times those 
which would exist at the same point if the di- 
electric sheet were removed, The phase angle 
of Ty is equal to the insertion phase advance 
angle for the wave component whose polariza- 
tion has been unchanged in traversing the sheet. 
Also, from Equations (2-91) and (2-95), the 
phase angle of Tq equals the phase advance of 
the cross-polarized transmitted component 
relative to the phase the incident wave would 
have at the same point in the absence of the 
dielectric sheet, (The phase reference for Tg 
is the major axis of the incident polarization 
ellipse.) 


From Equation (2-97), no depolarization will 
occur if 
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a. The incident wave has perpendicular polar- 
ization (= 90°, r = 0); 


b. The incident wave has parallel polarization 
(2=0°%, r= 0); or : 


c. tT, = ty. 


If the incident wave is linearly polarized(r - 0) 
at angle + agindicatedin Figure 2-14, Equations 
(2-96) and (2-97) show that 


Ti = Ty cos? ¢ + T, sin? é (2-98) 


and 


tg 41 (Ty- Ty) sin2— (2-09) 


By IRE standards, the & vectorof a right-cir- 
cularly polarized wave rotates clockwise from 
the viewpoint of an observer looking along the 
axis of propagation at the departing wave; thus, 
if the incident wave is right-circularly polar- 
ized (r = 1), Equations (2-96) and (2-97) show 
that 


T; 


(Tj + Ty) (2-100) 


fo | 


and 
Ty = : (Ty - T) ei% (2-101) 


An incident wave whose E vector rotates 
counterclockwise can be represented conven- 
jently by assigning a negative numerical value 
to the axial ratio, For example, Equation (2-91) 
will represent a left-circularly polarized wave 
if r is given the value -1, Graphs of trangmis~ 
sion coefficients for circular polarization are 
given in References 12 and 29. 


In general, the transmitted wave component 
which is of interest will have a polarization 
(axial ratlo ry and polarizing angle & 4) that may 
differ from that of the incident wave (r,*), In 
this event, it is convenient to express the wave 
transmitted through the plane sheet as a com- 
ponent having polarization (rq, 4), plus an 
orthogonal component B, as follows: 


Ey = [A (ip > ity iy) + B(ry iy + up| Ey (2-102) 


where Jy and ly are unit vectors parallel tothe 
majorand minor axes of the polarization ellipse 
of the transmitted component A, The incident 
wave given by Equation (2-91) caa also be ex- 
pressed in terms of a component Ag having po- 
larization ry? 1 and an orthogonal component 
0 as follows: 


Ei = [Ao Gx -drply) + Bo(r ix +ily)] Ej, (2-103) 


An expression fo1 Ag can be obtained from 

Equations (2-91) and (2-103) and A can be ob- 
. taincd from Equaiions (2-94) and (Z-102). In 

this manner the insert transmission coefficient 

for the component ry, ¢4 1s found to be: 
‘ A 1f- P 7 ‘ 
Ty She: it + T+ (Ty - T) 
(2- 104) 
j(J-rry) cos 1 + €) + (r-r4) sin (€) + ¢) 
j(lerr)) cos (€y - €) - (r+rj) sin @y ~ &) 

T gives the amplitude and phase of the trans- 
mittedcomponentr, ¢, relative to ite amplitude 
and phase at the shmb point in the absence of 
the dielectric sheet. Thus, Ty may assume 


magnitudes greater than unity if the dielectric 
sheet has the proper depolarization properties. 


itis desirable to definea similar transmission 
coefficient whichis normalized to unit maximum 
magnitude. This canbe accomplished by using 
asa refer. nce the wave transmitted through a 
ene sheet having the following proper- 
ea: 


1. nonreflecting, 

2. lossless, 

3. no insertion phase shift for component ry 
g 

p 

4. completely transforms from polarization 
ré to polarization ry oy 


Ifthe incident wave is given by Equation (2-91) 
or (2-103), the wave transmitted through such a 
sheet is oxpressed by 





A! 


; 2 j 
ei [sxe ~ Ir ply) Biy € : 


(2105) 
yi+ ry 


where Ag ig the phase angle of Ay and js given 


by 
r +Yry 
Ag sear 





tan (6, - | (2-106) 
Terry 


Thus, the normalized transmission coefficient 
is 











: : ler, -JAg 
Ty = = e (2-107) 
: t +r2 
or 
[ (i, +t [J (erry) cos €y -€)- 
7 (r+ 7r)) sin (@, -4)]+ -jAg 
as 2, e 
2 (t, -T)[d(L- rry)cos +é)+ 
(r - ry) sin €y + £)] 
ay Vit +42) (+r) (2-108) 


These two transmisaion coefficients T, and T> 
have the same phase angles (equal to the inser- 
thon phase advance) but different magnitudes, 
ee T uses the incident wave as a reference, 

compares the wave transmitted through a 
aieet to that transmitted through a perfect po- 
larization transformer. As would be expected, 
T, and T, both reduce to the same expresaion 
as is given by Equation (2-96) for Ty if a =r 
and oy s é€ . 


As an example of the use of Equation (2-104), 
auecse the incident wave has 8 db elliptical 
polarization (that is, the field along the major 
axis is 6 db stronger than that along the minor 
axis) with clockwise rotation, and with the major 
axis parallel to the plane of incidence. Then 
r= 0.5 and & « 0, Now suppose that it is desired 
to determine the amplitude and phase of the 
right-circularly polarized component of the 
transmitted wave. Then r;* land Equation 
(2-104) shows that 





(2-109) 


From Equation (2-108), the normalized trans~ 
mission coefficient for this example is 


2 T, + Tt 


tT, = —— 2-110) 
tT Vio" ( 


Additional formulas for polarization analysis 
and discuasions cf the relationships between 
polarization and radome errors are given in 
several references listed in the bibliography. 





SECTION E. MAGNETIC RADOME MATERIALS 


properties have been considered only for plane 
sheets constructed of nonmagnetic dielectric 
materials; that is, the permeability ,. of tha di- 
electric sheets was assumed equal to that of 
free space ; ,. Somedielectrics have a perme- 
ability appreciably different from that of free 
space, even at radar frequencies. Unfortunately, 
the ferrites appear to be too lossy in their 
present state of development for radome use. 

However, the relative permeability of a dielec- 
tric can be nade considerably less than unity by 
loading with metallic particles. A dielectric 
material can be made magnetic by embedding 
in it an array af conducting loops of the proper 
diameter, Similar effects are obtained if a thin 
metal sheet, perforated with an array of holes, 
is embedded in tne dielectric sheet] Gener- 
ally the electric or magnetic loss tangent tan 
Sg or tan $,, becomes excessively large when 
a medium Ys loaded with metallic objects to 
produce alarge change in dielectric constant or 
permeability. As an added complicatior, a 
metallic loading which reduces the permeability 
is likely to increase the dielectric constant in 
such a way as to make it difficult to achieve a 
propagation constant equal to that of free space. 


IIn ta thie noint the nlnnea-wowa teanaminalan 
in fo thre point, ine Poane-wave Cyans 


2-16. Elimination of Refractive Shift 


ohare ee 


Snell's law for magnetic materials states that 
a plane wave incident at angle ? on a plane di- 
electric surface will be rafracted at an angle 
Om, given by 








, sin 6 
sin G. te meen 


for ep (26111) 


Where up = u/uy isthe relative permeability; and 
fy ¢/eq is the relative dielectric con- 
stant. 


To reduce the pattern distortion and the angu- 
lar errors introduced by a radome, it is de- 
sirable to minimize the refractive shift ex- 
perienced by a ray as it passes through the 
radome wall (see Section H). This can be ac- 
complished in a nonmagnetic half-wave sheet 
only by use of a very low or very high dielectric 
constant. If a magnetic material is used, how- 
ever, refraction is eliminated merely by choos- 
ing 


up Ge 1 (2-112) 


If Equation (2-112) is satisfied, the propaga- 
tion constant in the sheet will be equal to that 
of free space, neglecting losses in the material. 


2-17. Obtaining High Transmission Coefficient 


Alternatively, magnetic materials could te 
used to obtain a high transmission coefficient. 
Ifa low-loss material is used, maximum trans- 
mission willbe obtained if the sheet is designed 
tobe nonreflecting, This might be accomplished 
by minimizing the interface reflection coeffi- 
cients. For lossless magnetic dielectrics, 
Equations (2-23) and (2-25) become 





Hy COS @ » Ju & > sin@ 6 








Pty a a (2-113) 
i Hp COS 6 + Jay cy = sin* 8 
and 
t COS 6 - es - gint 6 
sone fon ee es (2-114) 


r 2 
" 
«COs 5 + | My . - sin? 9 


Equations (2-113) and (2-114) will apply to 
lossy materials if «.1s replaced with €,(1-j 
tan > 4) and u, ia replaced with u, (1-j tan} _.). 


In nonmagnetic media the angle of zero inter- 
face reflection(Brewster angle) occurs only for 
parallel polarization; by using magnetic mater- 
jals, however, the Brewster effect can be ob- 
tained for both polarizations. From Equations 
(2-113) and (2-114), zero reflection will be ob- 
tained at normal incidence if 

Mp = &p (2= 115) 

If the permoability is chosen to satiafy Equa- 
tion (2-115), this will match the impedance of 
the sheet to that of free space for normal inci- 
dence. 


Lossless nonrefracting media (u,«, = 1) are 
considered in Reference $2." For such media, 
Equations (2-113) and (2-114) become 

Mp d 
tee eles 
by t+, 1 

Thus, the interface reflection coefficient be- 

comes independent of polarization and angle of 


incidence. Now, reflection will be eliminated 
for all angles and for all polarizations if x, is 





(2-116) 


i stem 





*The material in the remainder of this section 
is from Reference 32 by Charles K. Schramm, 
Jr., "Propagation Constant and the Radome," 
Technical Report 53-297, Wright Air Develop- 
ment Center, Ohio, August 1963, (AD-21 967), 





1; see Equations (2-116). Thia shows that the 
ideal radome material (as far as the electrical 
properties are concerned) is air, since for air 
Mp = ty 2 1, We might let v,e, be unity (to 
eliminate refraction), and gee how far wpande , 
ean vary from unit before the electrical nrop- 
erties of the radome wall become poor. 


From Kquation (2-47), the transmission coet~ 
ficient af a lossless homogeneous sheet is 


~ Ort. rd 
T? = sis ate NRE (2-117) 
1- 2r cos (249d Vee ere sin® 6) +r4 


Therefore, the thickness of a half-wave homo- 
geneous sheet of order n is 


na 
d 








8 din Ge sin® @ (2-118) 


At its design angle of incidence, the lossless 
half-wave magnetic sheet has perfect transmis- 
sion for both polarizations, and the insertion 
phase shift is the same for both polarizations, 


For a given angle of incidence, the transmis- 
sion coefficient is minimum when the thickness 
ig just one-half of the value given by Equation 
(2-118). In this situation, the sheet might be 
called a ‘quarter-wave sheet." At the angles 


of incidence for which the sheet is a quarter- 
wave sheet, the transmission coefficient is 





1-r? 
Tmin * a 2-119) 
min lere ( 
and, for the nonrefracting cage, 
au 
T min = T min eg (2-120) 
L+u, 


Now, it «an be shown, from Equa‘'on (2« 120), 
that the power transmission for al: 8sless non- 
refracting sheet will exceed 80 p:rcent for all 
angles of incidence if ¢, is lesa than 1.62(or 1, 
ie greater than 0,618). 


2-18, Insertion Phase Variation Versus Angle 
of Incidence 


A very useful property of the half-wave non- 
refacting sheet is the very small insertion 
phase variation versus angle of incidence. For 
example, if the dielectric conatant is 2, the 
phase varies by only +7° for incidence angles 
from 0 to 90°. Furthermore, since r, andr, 
are era! (except for the minus sign), 7), and 

ai also equal for all angles of incidence if 
the sheet is made of lossless material with 
Myfy = 1, Ags was shown in Section D, a sheet 
of this type will produce no depolarization, 


Magnetic radome materials are considered in 
several references listed in the bibliography, 


SECTION F. ANISOTROPIC MATERIALS AND CONSTRUCTIONS 


The electrical properties of some ‘uaterials 
depend on the relative orientation of the mater- 
fal in the electromagnetic field. This is true of 
many crystalline materials and of ferrites, 
electron beams, and ionized gas in the presence 
of a steady magnetic field. This anisotropic 
effect can be produced artificially by loading an 
ordinary dielectric material with a lattice of 
parallel metal dipoles. A great variety of other 
artificial anisotropic constructions have also 
been studied, 


The properties of a homogeneous sheet of or= 
dinary dielectric often geem to be inadequate 
for radome uses, The use of sandwiches widens 
the range of characteristics which the radome 
designer can obtain, Still greater flexibility is 
obtainable through the use of magnetic or aniso- 
trepic materials, 


2-19. Effect on Dielectric Constant 


Inan anisotropic medium, the effective dielec- 
tric constant deyends on the orlentation of the 
electric field intensity vector. To an x-polar- 
ized field, the medium would appear to have a 
dielectric constant¢,; to a y~polarized field 
the effective dielectiic constant would be fy; 
and toa z-polarized field it would be «,. If the 
coordinate axes are chosen to coincide with the 
prefor.ed axes (or "principal axes'')* of the 
medium, the parameters ¢y, ¢y, and ¢z, are suf- 
ficient to describe completely the dielectric 
properties of the material. The dielectric con- 
stant can then be represented as follows: 








*Theseare relatedtothe crystal axes in crys- 
talline media, and to the dipole axis in media 
loaded with dipoles. 











(2-121) 


Maxwell's equation 
Vx He + jocE (2-122) 


bec nes, for anisotropic media, the following 
set of three equations: 


(9 x H), =- joc, E, (2=123) 

(Vv x Ha, ey By : (2=124) 
and 

(Vx H), = - joa, Ey (2-125) 


If the medium also possesses magnetic aniso- 
tropy, the permeability willhave three principal 
values, and it can be represented in a manner 
similar to Equation (2-121). Then Maxwell's 
equation 

Vx E = jou (2-128) 
can be written as a set of three equations sim- 
ilar to Equations (2-123), (2-124), and (2-125). 


2-20. Effect on Polarization 


Anisotropic media that have their own pre- 
ferred axes may introduce undesirable depolar- 
ization when such materials are used in radome 
constructinus. It has been pointed out that an 
igotropic ict :.eet produces no depularization 
when the incideut plane wave has parallel or 
perpemiicular polarization; however, with pural- 
lel or perpendicular incident polarization an 
anisotropic sheet will, in general, excite both 
parallel and perpendicular polarization com~ 
ponents in the transmitted wave (unless two of 
the principal axes of the medium are in tho 
plane of incidence), Thus, even at normal in- 
cidence depolarization may occur unless the 
incidentfield vectors are parallel with the prin- 
cipal axes of the medium. 


This phenomenon has been put te practical 
use (Reference 33) in a polarizing panel con- 
sisting of an anisotropic dielectric with « 
greater thanc,. (The xy-plane is the surface 
of the panel, as shown in Figure 2-8). At in- 
tervals along the y~axis there are embedded in 
the panel metal’ slats whose planes are parallel 
to the xz-plane. For normal incidence, a y- 
polarized incident wave is not affected by the 
thin metal slats, its propagation constant in the 


panel being determinedby<«, and... An x-polar- 
ized incident wave, however, will propagate 
through the panel via a waveguide mode with a 
propagation constant determined by ¢,,~, and 
the spacing of the slats. Because of this and 
because cy is greater than«,, the curve of 
Propagation constant versus frequency for x- 
polarization is very nearly parallel to that for 
y~polarization over abroad band of frequencies, 
By properly choosing the panel thickness, a 
differential phase shift of 90° can be obtained 
for x-and y-polarized components of the in- 
cident wave. If a wave linearly polarized at an 
angle of 45° with respect to the y-axis is in- 
cident normally upon the panel, a circularly 
polarized wave will be transmitted through the 
panel. These techniques and modifications of 
them suggest interesting applications to radome 
construction. 


Ifthe incident wave has parallel or perpendic-~ 
ular polarization, there ig one type of aniso- 
tropic flat sheet which will not depolarize, re- 
gardless of the plane of incidence. Assuming 
the xy-plane is parallel to the surfaces of the 
sheet, the parameters of this special medium 
are related by 


xt fy (2-127) 
and 


Mx Hy (2-128) 

A medium which satisfies Equations (2-127) 
and (2-128) is called a uniaxial medium because 
it has only one preferred axis, the z-axis. An 
example would be a flat sandwich constructed of 
a number of thin, flat isotropic sheets of alter- 
nating dielectric constant, as shown in Figure 
2-26. Such a sandwich behaves approximately 
as an equivalent homogeneous sheet having an 
effective dielectric constant along the z-axis 
which differs from its effective dielectric con- 
utant along the x- or y-axes. 


2-21. Interface Reflection Coefficients 


The transmission coefficients for solid sheeta 
and sandwiches are derived for the uniaxial 
case in Reference 34. To illustrate the rela- 
tionships involved, the interface reflection co- 
efficients for this case will now be developed. 
For perpendicular polarization, using the coor- 
dinates and directions of propagation shown iu 
Figures 2-1, Equations (2-123) through (2-128) 
become: 

3E 

x 
jon, HZ = => 
ee ey (2-129) 


Figure 2-26, Alternating Thin Flet Shoots 
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Incident, reflected and transmitted waves will 


be assumed as follows: 


“J8, (e con & +y sin?) 
E,=¢@ 0 


E, sre 


«] (hg z + hy y) 
cae ee 


where hy and hy denote the propagation con- 
stants stong the’ y~ and z-axes, reapectively, in 
the anisotropic medium. Now, from Equations 
(2-129) through (2-134), 








hs Ey 
ae a-13 
Fly am (2-135) 
x 
h,E 
it 
Fey = ae (2-136) 
ni My + ng Hy * at fy My My (2-137) 


Application of the boundary condition on the 


tangential component of electric field intensity 
yields Snell's law for thig aituation: 
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“Ap (-# con @ +y sin 4) (2-133) 
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fe = + (1-3) sin® 6 ( 
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Ler, sty (2-139) 


Finally, application of the boundary condition 
on tangential H yields the interface reflection 
coefficient for the uniaxial anisotropic case: 


Le (2-140) 
£9 hg 
—~— Cos 9 +4——~ 
| Ho Hy 
where 
Hy En sin® & 
hg =o Jue by Sk (2=141) 
My 


ooo for parallel polarization it is found 
that 
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hg =w ex (- ace) 


It will be noted, from Equations (2-138) and 
(2-142), that, unlike the isotropic case, the angle 
of refraction for perpendicular polarization 
alffers from that for parallel polarization; also, 
{rom Equations (2-135), (2-136), and (2-138), that 
the magnetic field intensity has a component 
parallel with the direction of propagation for 


and 


perpendicular polarization. Withparalle! polar- 
ization, the electric field intensity has a com- 
ponent parallel with the direction of propagation; 
therefore, these two cases are often called H- 
mode and E-mode waves, respectively. More 
generally, an E-mode is a solution of Maxwell's 
equations for which one of the H=components 
vanishes, whereas one of the E-components 
vanishes {in an H-mode field. It is shown in 
Reference 35 that every homogeueous aniso- 
tropic substance can propagate E-modes and 
H- modes. 


Furthermore, the fields in such a medium can 
always be expressed asthe sum of an E~ and an 
H-mode, 


2-22. Methods of Obtaining Anisotropy 


The effects of anisotropy can be obtained arti- 
ficially by the use of inhomogeneous construc- 
tion; for example, the honeycomb material often 
used as a corefor sandwiches is slightly aniso- 
tropic. Honeycomb material is usuall' used, 
however, for its mechanical strength, light 
weight, aud low dielectric constant rather than 
for its anisotropy. The effective dielectric con- 
stants of honeycomb material along its three 
principal axes have been derived in Reference 
36, The dielectric constants were determined 
by calculating the capacitance of a parallel-plate 
capacitor filled with a block of the honeycomb 
material. The dielectric constants are related 
to the capacitances obtained for three ditferent 
orientations of the haneycomb material in the 
capacitor. 


2-23, Analysis of Inhomogeneous Dielectrics 


Honeycomb and many other inhomogeneous 
dielectrics can be unalyznd using the equivalent 
dielectric constants for a capacitor containing 
two dielectrics, as shown in Figures 2-27 and 
2~28. It is algo useful to know the equivalent 
dielectric constant of a capacitor filled with a 
homogeneous anisotropic material whose prin- 
cipal axes are not parallel with the natural axes 
of the capacitor (Figure 2-29).. 
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Figure 2<27. Tworkayer Copacitor and Equivalent 
Homogenous Capacitor 
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Figure 2-28, Twa-Leyer Capuciter and Equivalent 
Homogencus Capackor 
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Figure 2=29, Antsot, opie Cengciter end Equivalest 
taotropic Capacitor 





Thus, if the artificial dielectric medium is 
composed ofa three-dimensional array of Iden- 
tical structures or "colls", one of these cells 
cati usually be subdivided into a number of ca- 
pacitors of the types shown in Figures 2-27, 
2-28, and 2-29, The three principal dielectric 
constants of the medium are then determined 
by finding the total capacitance of the netwurk af 
series and parallel capucitors. It is shawn in 
Reference 36 that this simple method is valid 
in finding an anisotropic medium which is equi- 
valent to the sandwich formed of extremely thin 
flat sheets asin Figure 2-26. At low frequen- 
cies, where the sandwich is equivalent to an 
anisotropic medium, the pruperties of the med- 
ium become independent of the direction of pro- 

pagation and depend only on the orientation of 
the electric field intensity vector. When Eis 
parallel to the dielectric surfaces, the effectlve 
dielectric constant is, from Figure 2-28. 


Scie ieee (2-146) 


When E is normal to the dielectric surfaces, 
the effective dielectric constant is, from Fig- 
ure 2-27, 


(d, + do) 
€2 = z 2 13 = (2-147) 
€ dy + & dy 


The reflection coefficients for an infinitely 
thick stack of such aiternating thin flat sheets 


would be the same as those given in Equations 
(2-140) and (2-144) for sufficiently low fre- 
quencies, 


Broadband sandwiches have been constructed 
of thin lavera, aa shown tn Fisure 2-56, Using 
Equations (2-146) and (2-147), it is suggested in 
Reference 37 that the broadband characteristics 
of such sandwiches result merely from the low 
value of average dielectric constant obtained by 
using foain cores and by using skins which are 
much thinner than the cores, 


The equivalent anisotropic sheet given by 
Equations (2-146) and (2-147) has the same 
thickneas as the isotropic multilayer sandwich 
which it replaces, and is nonmagnetic if the 
Original sandwich is nonmagnetic, It is shown 
in Reference 38 that the sandwich can also be 
replaced with an equivalent faotropic homogen- 
eos sheet. "or perpendicular polarization, 
the alternating sandwich is equivalent to a note 
magnetic homogeneou. sheet of the same thick- 
meas and appropriate dielectric constant, For 
parallel polarization, it ia equivalent toa homo- 
geneous sheet with smaller thickness and with 
permeability leas than unity, The degree with 
which the equivalent anisotropic homogeneous 
medium resembles the actual artificial dielec- 
tric depeuds on the frequency, the angle of inct- 
dence, and the lattice apacing,36 If the lattice 
Spacing in the artificlal dielectric is greater 
than one-half of a free-space wavelength, there 
may be some angles of incidence for which the 
medium will act asagrating. The grating effect 
may produce strong reflections, and sets an 
upper limit on the frequency, angle of incidence, 
and spacing at which the equivalent homogeneous 
medium resembles the artificial dielectric, 


It should be pointed out that not all artificial 
dielectrics are anisotropic, For example, a 
dielectric loaded with metal or dizlectric 
spheres will be isotropic if the spacing between 
spheres is the same along the x~, y-, and z+ 
axes, A dielectric loaded with dipoles is also 
isotropic if equ:l numbers of dipoles are ori- 
ented along the x-, y=, anc z-axes, Artificial 
isotropic constructions have been used to ob- 
tain low dielectric constants without sacrifice 
of strength, 


2-24, Useof Metal Slats, 5... ets, and Wire Grids 

Many forms of dielectric loading have been in- 
vestigated in an effortto find a radome material 
having transm‘ssion properties superior to or- 
dinary dielectrics, Flat panels constructed of 
parallel metzi slats with no electric filer 
(sirailar to a venetian blind) were found®® to 
have excellent transmission for linear polariza- 


tion if the incident electric field intensity vector 
made an angle of at least 75° with the surface of 
each individual slat. Radomes were also con- 
structed in the shape of a 40° cone, consisting 
of a thin outer dielectric skin supported with an 
array of parallel aluminum ribs, These 
radomes showed some promise, but were found 
to produce excessive boresight errors, 


A thin metal sheet perforated with an array of 
dielectric-fillec holes has been considered for 
radome constructicn.51,40 Metal siata, perfor- 
ated metal sheets, and grids °f wires can sub- 
divide the radome wal) into waveguide channels 
wrich are capable of supporting one or more 
waveguide modes, and which may prevent the 
ordinary refracted wave from existing in the 
medium, Certain of the waveguide modes 
can be matched to the incident wave more ef« 
fectively than the ordinary refracted wave over 
a range of angles of incidence, In particular, 
conditions conductive toboth zero reflection and 
zero phase shift canbe achieved simultaneously 
with the Hyg mode of ordinary rectangular 
waveguide at perpendicular polarizatton, Flat 
panels utilizmg thig principle have been con- 
structed by embedding grids of fine wires which 
are parallel to the E vector and to the surfaces 
of the dielectric sheet,as shown in Figure 2-30, 
With this construction, the normal phase 
velocity and normal wave impedance can be 
closely matched to those of the incident wave 
over a wide range of incidence angles, for per- 
pendicular polarization.4 ‘The properties of 
metal-loaded dielectric sheeta have been in- 
vestigated with the aid of the theory of filters, 
transmission lines, and waveguides.42, 42, 48, 


? 





Figure 2~30, Dielectric Sheet Leaded With Wire Grids (Fram Re— 
ference 4! by permission of Biorksten Research Laboretorios Inc.) 
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Wire grid loading has been used to obtain a low 
reflection coefficient aver a broad band of fre- 
quencies.42 


Many of these artificial radome constructions 
are anisotropic. For example, a wire grid load- 
ing nugnt allow incident waves of one polariza- 


lion to travel through the dielectric sheet as 
though the wires were not even present, whereas 
they might force other waves to travel Vian 
wavepzuide mode 


Anisotropic constructions ang divnuneend 
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several references listed in the bibliography, 


SECTION G. THE RADOME SHAPE* 


Both electrical und aerodynamical considera- 
tions help govern the shape selected fora 
radome. The electrical design is simplified 
and the electrical performance improved bya 
smooth shape with large radius of curvature. 
Righ angles of incidence can be avoided by use 
of such 2 radome. On the other hand, at very 
low angles of incidence, trouble may be ex- 
perienced from reflected waves which travel 
directly back into the antenna. The radome 
shape that will minimize wind resistance de-~ 
pends strongly on the location of the radome on 
the aircraft or missile. A highly streamlined 
shape with afairly sharp vertexis desirable for 
nose radomes. Missile radomes are often fig 
ures of revolution. Shapes having simple math- 
ematical formulas are often used, with modifi- 
cation near the base of the radome to fair it into 
the missile body. Formulas for a few of these 

pes are given in this section. Radomes of 
four different shapes are shown in Figure 2-31 
with no fairing. 


If streamUning is hecessary, any particular 
detailed shape (cone, ogive, etc.) does not ap- 
Pear to be superior to any other with respect 
to the electrical performance. (Some shapes, 
such as the cone, are more easily handled nue 
merically than others.) The fineness ratio and 
the vertex angle (or radius of curvature at the 
vertex) are found to be of more significance in 
determining the radome boresight error. For 
large fineness ratios, the range of incidence 
angles is greater, phase front distortion tends 
to be greater, and the boresight error slopes 
tend to be greater, 


In this section the following data will be given 
for the hemisphere, cone, log spiral, ogive, and 
eUipse: 


*Much of the material in this section is taken 
from: Norman M. Wiederhorn, and Alan F. Kay, 
"Radome Design Criteria for Precision Guid- 
ance Radar," Final Report, Contract AF 33(030) 
~12283, McMillan Laboratory, Ipswich, Mass., 
i dune 1954, (Confidential), (AD-49 428), 


a. The equation of the surface; 


b. The angle of incidence of the central ray of 
the antenna versus look angle; and 


c. The coordinate, forthe point where the cen« 
tral ray intersects the wall, versus look angle. 


All of the cuordinates are for the inside Sure 
face of the radome, and the gimbal point Is 
taken as the coordinate origin, This is not nec~ 
essary but is desirable in the hemisphere and 
log spiral to take advantage of the angle of in» 
cidence properties, 


If conical fairing is used, the conical section 
will start at the base of the radome and con- 
tinue to the point where its slope (ian .) is the 
same as that of the curved section, From that 
point on, the radome shape is that of the basic 
curve, The coordinate for the point at which the 
conical section fairs into the curved section is 
also given, and is denoted zy, 


As indicated in Figure 2-32, 8,, is the radius 
at the base of the radome, and cks the distance 
from the base of the radome to the gimbal point. 
The distance from the gimbal point to the 
radome vertex will be denoted by the letter a, 


For any radome shape, the fineness ratio F is 


F . Cc ra 


eke (2-148) 


and, if conical fafring is used, the evordinate 
for the point at which the conical Section inler- 
sects the basic curve is 

ry Rp “(C+ aj) tan a (2-149) 


2-25. The Hemisphere 


All points on the surface of a hemispherical 
radome are equidistant from the origin, Hf the 
antenna gimbal point is located at the origin, the 
central ray of the antenna will strike the radome 
wall with normal incidence for all look angles, 
This isdestrable, since at normal incidence the 
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Figure 2-31. Rademes of Various Shapes, with Fineness Ratio 2.5 
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Figure 2=32, Radome with Conical Section for Fairing into 
Missile Body 


transmission coefficients for parallel and per- 
pendicular polarization are equal, Another de- 
sirable feature of this shape is that the range of 
angles of incidence that must be considered is 
small. However, because the angles of inci- 
dence are very small or zero, any waves reflec- 
ted from the radome will travel directly back 
to the antenna. 


Because of its symmetry, the hemisphere 
should produce no radome error except that due 
to tolerances and polarization considerations, 
and in fact hemispheres generally have very low 
crossover error rates. In conical scan sys- 
tems, when the antenna is in any two opposite 
positions, the two surfaces of intersection of the 
beam and the radome wall are mirror images; 
therefore, if the wall is uniform, the only 
radome error must be due to dissymmetry in 
the antenna, in particular, polarization dissym- 
metry. The principal disadvantage of this shape 
is that it is not streamlined in itself. Hemi- 
spherical radomes, however, may still be util- 
ized with streamlined missiles or airplanes 
without seriously impairing the aerodynamic 
performance, provided the radome forms the 
nose of a body which tapers to a diameter 5 or 
10 times the radome diameter, 
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The equation which describes the surface of a 
hemigpherical cadome of radius a is 


r= fat-22 


The angle of incidence is zero for all look 
angles if the gimbal point is at the center of the 
sphere. The coordinate for the point at which 
the central ray of the antenna intersects the 
radome wall js given as.a function of look angle 
yby 


(2-150) 


2= 2a COS p (2-11) 
The roordinate .c which the fairing cone inter- 
sects the sphere is 


Zsa sina (2-152) 


2-26. The spheroid 


Aspheroidisthe surface obtained by revolving 
an ellipse about one of its axes. An oblate 
spheroid is obtained by revolving an ellipse 
about its minor axis. A prolate spheroid (re- 
semblinga football) is produced when the major 
axis is used as an axis of revolution, Only the 
prolate sphervuid will be considered here. The 
exact shape depends on the length of the seml- 
major axis (denoted by a) and the semi-minor 
axis (b), as shownin Figure 2-33. The equa- 
tion for the spheroidal surface is d 


sae 
i fe 
r=zb | I - aD 


The angle of incidence on the radome wall is 
Riven by 


(2-153) 


a2 - b2 


fan o : - orem 
b2 cai yo a2 tan Ye 


(2-154) 


The’ “axial ratio’ of an ellipse is defined as 
the ratio of the major axis to the minor axis, 
and is denoted by A: 


AE (2-155) 


Figure 2-34 shows the angle of incidence as a 
function of look angle for spheroidal radomes of 
various axial ratios, 


The maximum angle of incidence is given by 


2_ 2 
Gree (2-158) 
Zab 


and it occurs when the look angle is given by 


tan 22 (2-157) 


The coordinate for the point at which the cen- 
tral ray of the antenna intersects the radome 
wall is 


Z ies gah ; (2-158) 
The fairing cone and the spheroid intersect at 
a2 gin a 
Vat sin? a 4 b@ cos” a (2~169) 
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2-27, The Ogive 


The ogive is a figure of revolution obtained by 
rotating an arc of a circle about an axis in the 





Figure 2-33, Spheroidal Radome with Canical Fairing Section 


plane of the arc, as depicted in Figure 2-35, 
The surface of the cgive is given by 


rz /R2-224b-R (2-160) 


where R ig the radiusofthe parentcircle and b 
{e the base radius of the ogive as in Figure 
2-35, The angle of incidence on the ogive is 
given by 


sin6 = bP cos y (2-161) 





The central ray of the antenna intersects the 
radome at 


Z= [ w- r) sin y 
(2-162) 


+ [t= b)? sindy sb @R-2) Jeos ¥ 


The fairing cone and ogive intersect at 
z;=Rsin a (2-163) 


The caliber c of an ogive is defined as the 
ratio of the radius of the parent circle to the 
base diameter of the ogive;: 


R 
=e 2-1 


Figure 2-36 gives the angle of incidence asa 
function of look angle for ogives of various 
calibers. 


The distance from the origin to the radome 


vertex is 
a= /b (ar - b) (2165) 
2-28, The Log Spiral 


The equation of the log spiral is 


2 72 tan a tan-1(£) (2-166) 


2 za’ e 
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where a is the distance between the gimbal point 
and the vertex of the log spiral radome, as in 
Figure 2-37, The expression for the log spiral 
is simpler in polar coordirates: 


-/ tang 
eigen (2-167) 


The central ray of the antenna. has a conatant 
angle of incidence on the log spiral radome, 
given by 


622 (2-168) 
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Figure 2~34, Angle uf Incidence (ti) Versus Look Angle (}) For Spheroidal Radomes of Various Axial Ratios 
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Figure 2-35, Ogive Rademe with Conical Fairing 


The hemispherical radome isa special case of 
the log spiral, since, when the angle of incidence 
is set equal to zero, Equations (2-166) and 
(2-167) become the eavations of a circle of 
radius a, 


Log spirals are designated by the value of the 
angle 4. A "50° log spiralis a curve speci«+ 
fied by Equations (2-166) or (2-167) with . 
having the value of 50°. The r-coordinate of 
the log spiral is a maximum when y is equal to 
a -@. The corresponding value of z is 


‘ G n+ Q) tan (2~169) 
zsasin Be ‘ 


The fairing will thus extend at least to this 
value of z. For log spiraia having a large inci 


dence angle, the fairing will extend over a large 
portion of the radome length, 
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Figure 2436, Angle of Incidence (2) Versus Look Angie (¥)) for Ogives of Various Calibers (c) 


The central ray from the antenna intersects 
the radome at 


zzae tan 3 cos ¥ (2-170) 


The conica! fairing joins the log spiral at 


- (5) n -a - A) tan A 
zy=ae sina +) (2-171) 
in these equations where the angleso ,4, and 


~appear in the exponent, they must be ex- 
pressed in radians rather than degrees. 


2-28, The Cone 
The equation for a cone is 





Figure 2-37, Log Spiral Redome with Conical! Fairing 
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e missile body ray 
where a is the distance between the gimbal 


point aad ile veriex of the cone, a8 shown ‘n fr 
Figure 2-38, and ¢ is the total vertex angle of R 


the cone. The angle of incidence of the central y 
ray of the unienna on the cone 1s 
1 center of 
6 = 80 “78 “yp degrees (2-173) bisector curvature L 
Ne oe 
Figure 2-39 shows the angle of incidence ob- <= _ = ae eae 
tained with various conical radomes as @ func~ 
tion of look angle, Figwe 2=38. Conicai Radome with Oyive Fairing 


90 rt 





80 





70 
60 
50 
$40 
2 
& \ 
vu 
= = 30° z20° i0° 
" 30 
20 |} - 
(0 
ll. ‘ 
0 10 20 30 40 50 60 70 80 90 
¥ (degrees) 


Figure 2=39, Incidence Angle (7) Versus Look Angle (j:) for Conical Raedomes of Various Vertex Angles (/3) 
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r= (a-x) tani 6 (2-172) ——. : | 
cone 


~— 


It is desirable tofair the radome into the mis- 
sile body withoutany abrupt change inslope, An 
ogive fairing section will serve this purpose for 
the conical radome 1! the center of curvature of 
the ogive is located ontheline which bisects the 
angle formed by the extensions of the conical 
radome and the missile body (see Figure 2-38), 
The coordinates af the center of curvature of the 
ogive are 


%gz-C -Raina (2-174) 
and 

Tg= Ry -Reosa (2-175) 
where R is the radius of curvature of the 


ogive. The numerical value to be used for R is 
governed largely by acrodynamical considera~ 


tions. If R is extremely small, there wi)! be an 
abrupt change in slope of the missile contour, 
If R'is very large, the conical section of the 
ragome will vai isti aud ie euuiie Taaoms Will 
have the ogive shape, 
The cone and ugive intersect at 
2,2 %g+R sin B (2=1'76) 
and 
ry = rg +R cos a: (8=177) 
Procedures for calculating the angle of inci- 
dence for any radome shape are given in Chap- 
ter 3, Additional information on radome shapes 


will be found in Chapter 3 and in several refer~ 
ences listed in the bibliography. 


SECTION H. THE FOCUSING EFFECT OF STREAMLINED RADOMES* 


2-30. Refraction by Plane Sheets 


A plane wave incident at angle 6 on the sur- 
face of a plane dielectric sheet is refracted, and 
travels at angle 6, within the dielectric med- 
jum. From Snell's law for nonmagnetic media, 


sin @ 


Sin 0, = Ter 
r 


Upon emerging from the far side on the dielec- 
tric sheet, each ray of the .plane wave is again 
refracted so that it propagates along an axis 
parallel with its original line of travel, as in 
Figure 2-40, Thus, refraction shifts each ray a 
distance b perpendicular to its axis of propaga- 
tion. For a plane homogeneous siieet of thick- 
nese d, 


(2=178) 








a : 
b= 6- 6 “ 
oe B sin ( ) (2-179) 


r 


For a symmetrical sandwich having skin and 
core thicknesses d, and d,, and skin and core 
relative dielectric constants €g andes 


*The material in this section is taken from: 
Jack H, Richmond, "The Focusing Effect of 
Radomes,'"' Report 655-3, Contract AF33(618)- 
3212, Antenna Laboratory, The Ohio State Uni- 


versity, 1 June 19564, 


2 d, 
b=/2d.4d,- [ === 
5 . és 7 sin® 0 


| 
+ : cos @] Sin 6 
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Equation (2-180) can also be expressed in the 
same form as Equation (2-179) if d is replaced 
with (2d, +d.) and ¢,is replaced with 6, 
where!? 


(2=180) 





' 2d. de sin 6 
n 6! = + os" ‘ 
= les - gin’ 8 fee - sin” 6 2d, +d, 
(2~181) 


Tt will be shown that refractive shift contrib- 
utes to the antenna pattern distortion and direc- 
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Figure 2~40. Refraction ine Plone Dielectric Sheet 





tional errorg introduced by a radome, As 
pointed out in Section E, refraction can be re- 


duced by use of magnetic radome materials if 
the permeability is leas than that of free space, 
and is eliminated entirely if,:,¢.=1. How- 
ever, to obtain high transmisgion over a range 
of angles of incidence, the dielectric constant 
of such a nonrefracting material must be low 
(lesa than 1.6 for 80 percent power tranamis- 
sion), and the magnetic and dielectric loss 
tangents of the material must be low. These 
properties are not easily combined with me- 
chanical strength. 


For nonmagnetic materials, it is apparent 
from Equations (2-178) and (2-179) that the re- 
fractive shift cannot exceed 


Bax 2d sin @ Mee 


(2-182) 
(this maximum is approached if cy igs very 
large), and that it is minimized by use of a thin 
sheet of low dielectric constant; thus, the elec- 
trically thin sheet (Section A) hag the most de- 
sirable refractive properties, 


No refractive shift occurs at normal incidence, 
To minimize refraction a radome shape 


approaching that of a hemisphere with large 
radius is desirable, 


From Equations (2-179) and (2-56), for the 
half-wave homogeneous sheet of order n, the 
refractive shift (at the design angle of incidence 
#9), measured in wavelengthg, is 


b _nsin (99 - 9, 
ae a 
ho 2 (& cos Oy 


Consequently, the refractive shift is propor- 
tional to the order of the half-wave sheet, so 
that the lowest usable order is desirable. It 
can be shown, from Equation (2-183), that the 
refractive shift in a half-wave sheet vanishes 
as the relative dielectric constant approaches 
unity or infinity, For arbitrary fixed values of 
n,A 9, and Vg, the refractive shift at the design 
angle ina half-wave sheet has maximum value 


(2-183) 


b ntan é 
Leet (2-184) 


» 8 


and it reaches this maximum value when the 
dielectric constant is 





.= 1+ 3 cos? 6 (2-185) 


Figure 2-41 shows the refractive shift pro- 
duced by a first-order, half-wave sheet for an 
angle of incidence of 70° ag a function of the 
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dielectric constant of the sheet, It is seen that 
the refractive shift is maximum when the di- 
electric constant is 1.35, and that itcan be made 
as small as desiredby using a sufficiently small 
or sufficiently large dielectric constant. Fig- 
ure 2-42 showa the mavimum refractive shift 
which can be produced by a first-order, half- 
wave sheet as a function of the angle of inct- 
dence. Grazing incidence, of course, must be 
avoided if the refractive shift is to be kept 
small, Figure 2-43 shows the dielectric con- 
stant that produces maximum refractive shift 
ina half-wave sheet at various angles of inci- 
dence, To avoid refraction effects, it is de- 
sirable to usea dielectric constant much larger 
or much smaller than the value given in Figure 
2-44 for the design angle of incidence. 


2-31. Focusing Effect of Radomes 


Refraction can produce a focusing effect which 
causes the effective aperture area of an antenna 





Figure 2-41, Refractive Shift Produced by First~Order, Homo- 
geneous, Holf-Wove Sheet for an Angle of Incidence of 70° 
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Figure 2~42, Maximum Refractive Shift Which Con Be Produced 
by Fitat~Order, Homogeneous, Half-Wave Sheet 
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Figure 2-43, Dielectric Constant which Produces Maximum Re- 
tractive Shift in Homogeneous, Half-Wave Sheet 





Figure 2~44, Refraction in a Conical Radome 


to be erggter with radome than it is without the 
radome,*' For example, consider a parabolo- 
idal antenna transmitting through a conical 
radome,as in Figure 2-44, withthe antenna axis 
coinciding with the radome axis. Suppose the 
antenna transmits a well-collimated beam of 
diameter D without radome, With the radome in 
place, refraction will increase the beam diame- 
ter to D + 2b, and will introduce a shadow zone 
of radius b at the radome vertex, The ratio of 
the aperture area A‘ with radome to the aper- 
ture area without radome 1s 


M1, 4d (2-186) 
A D 


Here we are considering the antenna aperture 
tobe a section of an imaginary plane which 
passes through the radome vertex and ie per- 
pendicular to the radome axis. 


It seems reasonable to assume that the total 
transmitted power with radome will be the 
same as without radome, if we consider only 
the refraction caused by the rademe and ignore 
for the moment other effects such as reflection, 
absorption, and depolarization, Usually the 
klystron or magnetron is isolated from the an- 
tenna_ sufficiently to prevent appreciable 
changes in its frequency or power output when 


the radome is introduced, especially if the 
radome reflects very little power back toward 
the antenna. Tre keen the total radiated power 
unchanged when the radome is introduced, the 
power density in the aperture must decrease 
when the radome is put in position, since the 
aperture area increases, For example, if the 
aperture illumination is uniform in the absence 
of the radome, the power density ,. (watts/area) 
with radome is given in terms of the power 
density » without the radome by 
(r - b) # 1 
vs | forb< r<yD+b (2-187) 


Equation (2-187) is an optical approximation 
Obtained by considering the power passing 
through each small unit of aperture area with 


‘and without radome, In Equation (2-187), r is 


the radial distance from the radome vertex to 
any point on the aperture plane, The field dis- 
tribution obtained from Equation (2-187) is 
shown in Figure 2-45, 


The relative far-field pattern of a ppitormly 
illuminated aperture of diameter D is 


J, (¢ AD sin ¢) 
E() nate 


(2+188) 





where ¢ 18 the far-field angle measured from 
the antenna axis, and J, is the first-order 
Bessel function, If the antenna diameter D is 
much larger than the refractive shift b, the 
effects of the vertex shadow zone and the in- 
tensity taper, Equation (2-187), will be small, 
and the major effect will be the increase in 
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Figuva 2-45. Calculeted Neer-Field Amplitude with Uniform 
Collimated Seem Passing Threvgh Conical Redome 


aperture diameter from D to D+ 2b, The an- 
tenna pattern with radome isthen approximately 


1,[}.4 @ + 2) sin 9 


Bg) =e 


sin 





(3-188) 


Since the beam width between half-power 
pointa for a large, uniformly iuminated, clr- 
cular aperture of diameter D is 


658A, 


B.W. % 52 degrees (2-190) 


the decrease in beam width produced by focus- 
ing effect is 


2b 
4B. W,* 5B, ——--—--— degrees 
D (D + 2b) 


(2-191) 


If the vertex shadow zone and the intensity 
taper are considered, the decrease in beam 
width will be somewhat greater than that given 
by Equation (2-191) 


The far-field radiation intensity on the antenna 
axis is thus increased by the focusing effect if 
the total radiated power is unchanged by the 
radome and if only the refraction ig considered. 
When the antenna is used as a receiver, the 
focusing effect will also increase the power de- 
livered to its terminals (when the distant source 
is on axis) by increasing the effective aperture 
area, 


The focusing effect also occurs in rounded 
radomes such as the hemisphere, although in 
this case no well-defined shadow zone is pro- 
duced. 


If the antenna axis does not coincide with the 
radome axis, the vertex shadow sone will no 
longer be located at the center of the aperture, 
and the refractive ehift will differ for rays 
passing through the radome at different puints. 
This is true because the refractive shift is a 
function of the angle of incidence, 


The importance of the vertex shadow zone pro- 
duced by refraction 1s roughly proportional to 
the ratio of the aperture area that is lost in the 
shadow zone to the total aperture area; thus, 
the pattern distortion and radome error asso~- 
ciated with the shadow zone may be expected to 
be leas serious when using 4 garge antenna than 
when using a small antenna, 


The focusing effect has also been observed 
with wedge-shaped radomes constructed of two 
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flat sheets that come together to form a 
Sharp edge. The shadow zone in this case 
produces much more pattern distortion than in 
the case of the conical radome, Thig is true 
because the shadow zone in the case of the 
wedge is a long rectangular strip of width 2b, 
whereas in the cage of the conical radome it is 
a circle of diameter 2b, The percentage cf an- 
tenna aperture area which is cbscured by the 
shy.dow zone lg much greater for the wedge than 
for the conical radome. A decreased beam 
width hasbeen observed with wedge radomes as 
wellas with radomes which are figures of revo- 
lution, 


Vhe boresight error produced by the shadow 
zone at the vertex of a starp-nosed radome is 
studied in Reference 46, From a simplified and 
approximate analysis, it was estimated that in 
practical radomes "refraction displacement can 
be generally ignored," 


To verify the existence of the vertex shadow 
zone, the fields have been measured near the 
radome shown in Figure 2-46 with the horn 
transmitting, The radome consisted of two flat 
sheets forming a 30° wedge, as shown, Ampli- 
tude and phase measurements were made along 
the y-axis which passes through the radome 
vertex perpendicuiar to the radome axis, The 
antenna axis coincided with the radome axis, 
The measurements withand wilhout radome are 
shown in Figures 2-47 and 2-48, (The far-field 
diffraction associated with refraction in this 
radome is indicated by comparing Figures 2-63 
and 2-55.) Figure 2-47 shows the vertex shadow 
zone quite strikingly, The measurements also 
show the effects of the rather low transmission 
coefficient of the plane sheets which comprised 
the radome, as well ds the interference between 
the direct transmitted rays and rays reflected 
from the plane sheets, In Figure 2-48 it is 
noted that the phase is strongly retarded in the 
vertex shadow zone, Measurements on several 
sharp-nosed missile radomes have shown the 
same general appearance as that in Figures 
247 and 2~48, 
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Figure 2-46. Hom Antenne With Wedge-Shoped Radome 
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Figuie 2-47, Measured Neor=Field H=Pione Amplitude 
of Horn Antenna with and without 
Wedge—Shapad Redome 


Additional discussion ofthe focusing effect and 
refraction will be found in several references 
listed in the bibliography, 
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Figure 2~48. Measured Near-Field H-Plane Phase of Horn 
Antenna with and withaut Wedge~Shaped Radome 


SECTION I. DIFFRACTION BY RADOMES 


The effects of a radome on an electromagnetic 
wave include refraction, reflection, attenuation, 
and change of phase, The far-field pattern of an 
antenna is altered by the presence of a radome, 
The distortion may include beam shift, change 
in beam width, and change in total radiated 
power, The radome phenomena whicu contribute 
to the pattern distortion include focusing effect 
(see Section H), Lloyd's mirror effect, wave 
trapping, depolarization, and radome-antenna 
interaction, The total effect is denoted by the 
word "diffraction,"’ It has been shown4é that 
the total field distortion produced by 4 radome 
is the algebraic sum of the perturbations contri+ 
buted by all the disturtion-produc ing phenomena 
acting separately, provided, the individual per- 
turbations are sufficiently small; thus, in deal- 
ing with a well-designed radome, its various 
effects can be evaluated separately, before add- 
ing them up to determine the net result, When 
the individual effects are relatively large, how~ 
ever, the total distortion may include interac- 
tion effects among the various primary sources 
of distortion. 


Several approaches to the analysis of diffrac- 
tion by obstacles are described in Chapter 10 
and in References 47 and 48, A method for cal- 
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culating diffraction by radomes is given in 
Chapter 13, 


A useful device for measuring radome diffrac- 
tion ig a wave-front plotter such as one used at 
Cambridge Air Force Research Center, A num- 
ber of phese contour maps obtained with this 
instrument ure included in Reference 49 lo 
demonstrate vividly the Lloyd's mirror affect, 


Similar phase contour maps can also bg Ops 
tained by use of a water ripple analogue, 
The antenna is simulated by a directive source 
of water ripples, The radome is simulated by 
an obstacle of the same shape as the radome 
cross section, uubmerged a distance under the 
water depending on the dielectric constant to be 
simulated. Photographs are then taken by 
allowing the ripples to focus light on a sheet of 
film, Diffraction of the water ripples is found 
to resemble closely the electromagnetic diffrac- 
tion, This technique hag heen used, to investl- 
gate conventional missile radomes*2 as well ay 
streamlined versions of the Luneberg lens, 
It is especially convenient in obtaining informa- 
tion on the effects of changes in such parameters 
as frequency, dielectric constant, and antenna- 
radome spacing, 


2-32, Exact Formulations 


The exact solution has been obtained for the 
fields of an infiniteeimal dinsic af asuitrary 
location and orientation inside a spherical 
radome.°4,55 This problem was solved by 
applying the boundary cenditions at the inner 
and outer surfaces a& the radome. The solu- 
tlon is expressed as an infinite series inveli 
ing spherical Bessel functions and associate. 
Legendre functions. The tables of these func- 
tions are belng extended to permit numerical 
calculations fora number of spherical radomes. 


The fields set up by a plane wave incident 
normally on an infinitely long, hollow, dielec- 
tric cylinder of circular cross section and uni- 
form wall thickness are solved rigorously as 
aboundary value problem in Refcrence 56. The 
number of rudome shapes which can be ana- 
lyzed by the boundary-value method is, however, 
severely limited. 


The fields of an antenna with radume can be 
expressed in terms of their values on some 
reference surface S which lies outside the 
radome. Let E and H be the electric and mag- 
netic field intensities of the antenna trans- 
mitting through the radome. Choose a surface 
Swhich completely separates the space contain- 
ing the antenna and radome from the space 
where itis desired to compute the flelds. (See 
Figure 2-49, for example.) If the region on 
the source-free side of S is free space, the 
field at any point P in this region is given by 


“Vx F 








E(P) = = ----——V VA (2-192) 
£9 meg 40 
where 
-j for 
Hg e 
A(P) =—- { (n« HI- ds (2-163) 
dn vg r 
and a 
-j a r 
oe rs) e ; e 4 
Beat J ete ee 5 (2-194) 
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Here n isa unit normal which points toward 
the source-free region, and < is the distance 
from the element of area ds to the point P. The 
differentiation indicated in Equation (2-192) is 
with respect to the coordinates ai point P. 


The problem is simplified if S is chosen to be 
an infinite plane, in which case 
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Figure 2—49, Reference Surfaces $ and 5' Which Might be 
Used In Radome Caleulotions 


E(P) = ty x F (2-195) 
0 
oh EAN et oH ok (2-196) 
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Additional simplification can be accomplished 
as follows, ifit is required to calculate only the 
far fields of the antenna with radome. 


Let S be the xy-plane, and let spherical coor- 
dinates ro, , and gspecify the location of point 
P, as in Figure 2-50. The distant radiation field 
will have ¢- and¢g-polarized components given, 
from Equations (2-194) and (2-195), by 





j ay a Bo ) 
Eg = ———-—__—_ (E, cos¢ +E, sine) 
2nIrg S : : 
(2-197) 
j & (x cos #+y sin ¢) sin 6 
e : dx dy 
and 
“J Ay? 
J Ag e a0 cos b 
Ey = -——-—— fiexsing +2, 008 
2nr 
0 5s 
(2-198) 
i Ay (xcos ¢+y sin ¢) sin 6 
e dx dy 


where E, and Ey are the x- and y~polarized 
componenta of the Yield ons. 


In using Equations (2-197) and (2-198), it is 
necessary first to determine the fields E, and 
Ey exitting on S when the antenna is transmit- 
ting through the radome. Approximate methods 
such as ray-tracing and plane-wave, plane-sheet 
theory are often employed for this purpose. 
These may give satisfactory calculations if the 





Figure 2~50. Coordinate System for Radome Calculations 


antenna has a well collimated beam and if the 
sadome has no regions of high curvature. The 
tas: of describing transmission through the 
radoine of the complicated Fresnel-zone fields 
can be traded for the simpler problem of ana- 
lyzing the transmission of a plane wave through 
the radome.61, Let S’ be any surface which 
completely encloses the antenna and passes be- 
tween the antenna and the radome, as in Figure 
2-49, for example. Let Ey and Hy represent the 
fields existing on S’ when the antenna is trans- 
miiting without radome. These fields can be 
obtained by measurements even if the radome 
has not yet been constructed. Now consider the 
antenna as a receiving antenna, cover it with 
the radome, and let Eg and Hg be the fields 
existing on S' when a plane wave is incident 
from a distant source. To determine F 1d 
Hy it is necessary to analyze the transmisz.un 
of the plane wave through the radome, includ- 
ing any reflections from the antenna. (If the 
radome is available, these fields might be ob- 
tained by direct measurements, of course.) If 
the antenna terminals are iocated in a waveguide 
or transmission line which supports only a 
single mode, impedances Zg (looking toward the 
generator) and Z? (looking toward the load) can 
be defined. Let I denote the current flowing 
through the terminals whenthe antenna is trans- 
mitting without radome. Then the voltage V in- 
duced at the antenna terminals by the incident 
plane wave is 61, 62 


Ese E,-E Hj) ds 
Z, +21 2°21 72x By 
(2-199) 
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The unit vector nis normal to surface 8’. The 
far-field pattern ofthe antenna with radome can 
be obtained by calculating the voltage V with 
Equation (2-199) for plune waves incident fror 
several different directions. This formulation 
of the radome analysis problem has been tested 
successfully on simplified "radomes" consist- 
ing of finite plane sheets. It was found that re- 
f{lections from the antennacan oftenbe neglected 
indetermining Eo and Ho withoutexcessive loss 
of accuracy. 


The radome analysis problem can be set up in 
another form by defining the following fields: 


a. E}, Hy is the field existing whenthe antenna 
is transmitting without radome, 


b. £, H isthe field existing when the antenna is 
transmitting with radome, and 


c. Ey, Hg is the "scattered field" of the 
radome, such that 
E-E,+Es (2-200) 
The field equations for the scattered field are 
obtained by writing Maxwell’s curl equations for 
the total and incident fields and subtracting, 
ylelding: 58 


V x Bg = - jwug Hy (2-201) 
and 
Vx Hy =jocg By + jo - eg) E (2-202) 
Equation (2-202) can be written 
Vx Ho =J,+joeg Ey (2-203) 
Ig =jole -eqgy E (2-204) 


| jw(e, -€9) E in region v (2-205) 


0 outside v (2-206) 


where «, is the dielectric constant of the 
radome material, and v is the region of space 
occupied by the radome. Thus, the scattered 
field can be thought af as the field generated 
by current J, Mowing in free space. This cur- 
rent is the sole source af scattered radiation. 
The scattered field at any point P outside 
region v is given by 


H, ziy XA 


4Q =S (2 ~207) 





and 


Vx Ux A, 
E, =———-— (2-208) 

jw Enta 
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ug (Je° (2-209) 
Ag =-— ——— dv 
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where r is the distance between the element of 
volume dv and point P. The differentiation in- 
dicated in Equations (2-207) and (2-208) is with 
respect to the coordinates of point P. 


When magnetic radome materials are used, a 
magnetic polarization currentK, also contribu- 
tes to the scattered field, wheres? 


Ky = jo(u - ug) H (2-210) 


If the electric or magnetic loss tangent of the 
radome material is not zero, the polarization 
currents are modified by letting «) or »y be- 
come complex, as mentioned in Sections A and 
E of this Chapter. 


If itis required to find the scattered field only 
at points a great distance from the radome, 
simplified expressions can be obtained from 
Equations (2-208) and (2-209), Let Jx, Jy, and 
Jz, be the rectangular components of the polari- 
zation current J,. Then the distant scattered 
fie has @- and ¢-polarized components given 
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(- J, cos 4 cos ¢- Jy cosé@ sing +J, sin 9) 


iy (x sin6 cos¢4+y sin 6 sing +z cos 6) 
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Pot ig ee eas 
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(J, sin ¢ - Jy cos ¢) (2-212) 


jAp (x sin 9 cos?+y sin sind +zcos 6) 
e dx dy dz 


where ro,?, and + are the spherical coordi- 
nates of point P at which the scattered field is 
being observed. 

Ones the scattered livid Eg has been computed, 
it must be added to the incident field Ej to de- 
termine the pattern of the antenna with radome; 
see Equation (2-200). Geuerally the far-field 
amplitude pattern of the antenna without radome 
is available, but in using the polarization-cur- 
rent method it is also necessary to know the 
far-field phase paitern, since phasor addition is 
implied in Equation (2-200). 


The chief difficulty encountered in using the 
polarization-current method is that the field E 
in the dielectric radome material is unknown. 
If the antenna has a well-collimated beam and 
if the radome has uo regions of high curvature, 
plane-wave, plane-sheet theory might be used 
to approximate E with sufficient accuracy. 
Again, however, the information contained in 
the Lorentz reciprocity theorem can be em~ 
ployed to trade this problem for the simpler 
one of determining the fields induced inthe 
radome material by a plane wave incident on 
its outer surface. The data required to com- 
pute the voltage V;, induced at the antenna ter- 
minals by the polarization currents in the 
radome are: 


a. The totalelectric field intensity Et induced 
in the radome by an incident plane wave, in- 
cluding any reflections from the antenna; and 


b. Theelectric field intensity Ey existing when 


.the antenna is transmitting without radome. 


As before, the polarization current Jg given by 
Equation (2-204) (with E replaced by FE") is the 
source of the scattered field. Again, let Zy be 
the impedance at the antenna terminals looking 
toward the generator, Z, the impedance at the 
terminals looking toward the load, and I the 
current flowing through the terminals when the 
antenna is transmitting without radome. The 
voltage induced at the terminals by radome 
scattering is79 


-Z 
on i -Jodv (2-213) 
(Zy + Z1) I 7 
The integrationis carried out through the vol- 
ume v orccupied by the radome. 


li V1 denotes the voltage induced at the antenna 
terminals by the plane wave without radome, 
the total voltage V, induced by the plane wave 
with radome is : ‘ 
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Vi = Vv) + Vs (2-214) 


The tar-field pattern of the antenna with 
radome is determined by computing V; for plane 
waves incident from several different directions. 
V1 is the far-ficld pattern of the antenna with- 
out radome, and is often available from meas- 
urements. Since Vy and Vg are complex quan- 
tities, phasor addition is implied in Equation 
(2-214), 


2-33. Diffractionby Dielectric Bodies of Simple 
Shape 


To explain the phenomena of transmission 
through radomes, studies, in addition to those 
already mentioned, have been made of several 
idealized dielectric bodies. The boresight error 
produced by large flat sheets is studied in Ref- 
erence 63. Antenna pattern distortion by large 
flat sheets is considered in References 61 and 
62, with the following result. 


Consider an antenna with a plane dielectric 
sheet (asin Figure 2-51), If interaction between 
the sheet and the antenna is negligible, it can be 
shown, from Equation (2-206) that the far-field 
pattern E’ (¢) with dielectric sheet is related 
to the pattern E() without dielectric sheet by 


E' (¢) = T(¢) E(4) (2-215) 


where T(¢) is the plane-wave plane-sheet 
transmission coefficient for angle of incidence 
¢ and for the polarization appropriate to the 
particular antenna considered. No assumption 
was made regarding the distance between the 
antenna and the dielectric sheet; thus, Equation 
(2-215) is applicable to the measurement of 
plane-wave, plane-sheet transmission coeffi~ 
cients in systems where the sheet is in the 
Fresnel zone of one antenna but in the far zone 
of the other antenna. 


Plane-wave diffraction by a thin, plane, semi- 
infinite dielectric sheet is derived in Reference 
64. The far-field distortion produced bya finite 
plane dielectric sheet placed near the aperture 
of an antenna is considered in References 61 
and 62. Diffraction of surface waves by a semi- 
infinite dielectric sheet is investigated in Ref- 
erence 65. The boresight error produced by a 
solid dielectric wedge is considered in Refer- 
ences 59 and 66, 


The beam shift was calculated by determining 
the approximate insertion phase variation along 
the wedge from plane-wave, plane-sheet theory. 
The thin, solid wedge is also investigated in 
Reference 63, An approximate expression for 
the beam tilt produced by a wedge is obtained by 


Figure 2~51. Antenna With Large, Flat, Dielectric ‘heat 


considering the multiple reflections within the 
wedge. It is found that the heam shift produced 
by the wedge is a function of the thickness of 
the wedge at the point where the beam enters it. 
It is also dependent on the plane of polarization 
of the incident wave. 


The hollow dielectric wedge formed of two 
plane sheets has been studied in a number of 
reports.59 The boresight error of the wedge~ 
shaped radome is considered in Reference 96 
and 67. The beam-shift calculations are based 
on the calculated insertion phase shift produced 
by the sheets. Generally the angles of inci- 
dence for the two sheets are different, and as a 
result phase front distortion is produced by the 
difference in insertion phase shift for the two 
sheets. 


In References 45 and 68, the field distortion 
produced by wedge-shaped radomes is shown by 
phase and amplitude measurements. It is shown 
that in the Fresnel region the field distortion 
can be reproduced by a pair of equivalent 
Huygen’s sources located near the vertex of the 
wedge. 


In reference 69 the field distortion by the 
wedge-shaped radome of Figure 2-52 is inves- 
tigated. The measured far-field patterns with 
aud without radome are shown in Figure 2-53. 
Ata slightly lower frequency where the trans- 
mission coefficient is maximum, the measured 
pattern was almost the same as in Figure 2-53, 
indicating thatthe pattern distortion is notasso-~- 
ciated with reflection in this case, Figure 2-53 
also shows the calculated pattern obtained by 
integration of the measured near-fields shown 
in Figures 2-47 and 2-48. Attempts were also 
made to calculate the far-field pattern without 
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Figure 2-52. Antenna With Wedge-Shaped Radome (Fram Refer- 
once 69 by permiasion of Ohio Stote University) 
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Figure 2=53, Measured and Calculated H=Plane Patterns of An- 
tenna With Wedge-Shaped Radome (By permission of 
Ohio State University) 





Figure 2-54. Parallel-Ray ‘dade! of Transmission Through « 
Redome (From Reference 69 by permission of 
Chio State Univers! ty) 


the ald of these measured near fields, The 
simplest approximation to the wedge radome 
probliom is suggested in Figure 2-54, in which 
parallel rays are pictured astraveling from the 
antenna through the radome. Here the only 
effect of the radome is to change the amplitude 
and phase of each ray according to the plane- 
wave, plane-sheet transmission coefficient for 


the appropriate angle of incidence, While this 
simple model may serve quite well in some 
situations, it yielded unsatisfactory calculations 
in this case. as shown in Figure 2-88, Muck 
better results were obtained by taking into 
account the refractive shift of each ray as it 
passes through the radome (Figure 2-56), a5 
shown in Figure 2-57, Since a small, broad- 
beam antenna was being used, it was believed 
that a further increase in accuracy could be 
obtained by taking into account the ray curva- 
ture. This was done by using the measured 
ray map shown in Figure 2-68, The resulting 
calculations, including the effects of the trans- 
mission coefficient, refraction, and ray curva- 
ture, are shown in Figure 2-59, 


The chief remaining sources of error in the 
calculations are believed to be: 


a. The use of plane-wave, plane-sheet theory 
to describe transmission through the radome, 
especially near its vertex; 
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Figura 2-55, Measured and Calculated H-Plane Far~Field 
Potterns of Antenne with Wedge Shaped Redeme, Using Pare- 
Hel—Ray Theory (By permission of Ohio State University) 
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Figure 2-S§. Parallel.Ray Trenemission Threvgh Redeme Show. 
ing Refraction (From Reference 69 by permission of 
Ohio State University) 
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Figure 2-57. Celevleted Fields of Antenna with Wedge-Shaped 
Radewe, Using Perallel-Ray Theory and Refraction (From Re- 
ference 69 ky permission of Ohio State Uni versity) 


Figure 2~58. Measured H~Plene Energy Flew Map fer Hum 
Antenne of 9400 magecycles (From Reference 69 by pur- 
misaion of Shie State University) 


b. The use of optical raytheory to project the 
fielus from one reference surface to another; 
and 


c. The use of agproximations in numerical 
evaluation of the dovble integral appearing in 
the far-field pattern expression. 


The wedge radome results just described are 
for perpendicular polarization. At parallel 
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Figure 2—59, Calculations for Wedge Shaped Radome, Using 
Energy Flow Map and Kefraction Theory (From Roference 
69 by permission af Ohio State University) 
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Figure 2~60, Lloyd's Mirroy Effect on a Radome 


polarization much less pattern distortion was 
produced. The chief effect of the radome in 
this case was to reduce the beam width, as dis- 
cussed in Section H, 


2-34, Lloyd's Mirror Effect5? 

Waves reflected from the radome walls may 
arrive in phase with the main beam at one dis- 
tant point, and out of phase at some other point. 
The interference betweenthe direct and reflec- 
ted waves, Ulustrated in Figure 2-60, is re- 
fered to as the Lloyd's mirror effect. 


The reflected wave carries less power than 
the main beam, since the reflection coefficient 
of radome walls is small. The reflected beam 
is likely to be broader than the main beam. 


Although the reflected beam is not aimed in the 
same direction ag the main beam, some over- 
lapping of the two beams may occur, especially 
&¢ 2oitaii iocuk augies, When the antenna axis 
coincides with the radome axis, the reflected 
waves may produce nothing more than side 
lobes, At look anglea large enough so that the 
beam clears the radome vertex, the reflected 
beam ig aimed in auch a direction that it ig not 
likely to overlap the main beam. At interme= 
diate look angles, the Lloyd’s mirror effect will 
be maximum, At such angles, the main and 
reflected beams are aimed in nearly the same 
direction, Furthermore, at such look angles 
the angle of incidence may be quite high on a 
portion of the radome, and this may reault ina 
rather high vefiection coefficient. The Lloyd's 
mirror effect is, of course, minimized if the 
reflection coefficient is kept small, It is also 
minimized by Keeping the effective reflecting 
area small compared with the antenna aperture 
area, 


Reflection is responsible for much of the 
near-field distortion shown in Figure 2-47 and 
‘"2=48 This was deduced by comparing these 
figures with measurements obtained with one 
sheet of the wedge-shaped radome removed, In 
the far-field patterns obtained with the game 
radome, side lobes are observed as a result of 
thia reflection, In Figure 2-63, these gide 
lobes Were displaced too far from the main 
beam to show up, 


The boresight error produced by the Livyd’s 
mirror effect 18 analyzed in References 49 and 


2-35, Autenna-Radome Interaction 58 


In blunt-nosed radomes some energy reflect~ 
ed from the radome can travel back to the 


antenna, and coniribute to diffraction after re- 
flection from the antenna. The radome error 
produced by this phenomenon tenda tn he aanai_ 
tive to amall changes in position of the antenna 
gimbal point, Such interaction has beeti ob« 
served with blunt radomea and with flat aheets 
hear normal incidence. This effect is minor in 
high-ine¢idence radomes where the reflected 
waves do not tend to travel back toward the 
antenna, 

2-38, T aves >? 

-36, Trapped Waves? 

A sheet of dielectric may serve as a wave~ 
guide for the propagation of energy in a direc- 
tion parallel to the surface of the sheet, 
Such “trapped waves" can propagate along a 
solid sheet or sandwich, no matter how thick or 
thin it may be. The fields associated with a 
trapped wave extend outside the dielectric 
sheet, but decrease exponentially in amplitude 
with distance from the dielectric. A trapped 
wave loses no energy to radiation in regions 
where the sheet is flat, but does radiate inre- 
gions of high curvature, Trapped waves are 
most likely to be excited if the clearance be- 
tween the antenna and the radome wall is sma)l 
and if the angle of incidence is large. The 
energy taken out of the primary beam in this 
manner will travel along in the radome wall 
until at some point near the vertex the increag- 
ing curvature will allow it to reradiate, The 
effect ou the far-field pattern and the boresight 
shift depends on the amount of power carried 
by the trapped wave and the pattern in which it 
ip reradiated. The reradiation pattern depends 
on the radome shape, Trapped waves are Likely 
to have minor effect in radomes haying ade~ 
quaie clearance between antenna and radome. 


Trapped waves are studied in several refers 
ences listed in the bibliography. 


SECTION J, STREAMLINED LENS-RA DOMES* 


The conventional antenna used with a radome 
is a paraboloidal dish and feed. The feed 
serves a8 a source of spherical waves and the 
dish focuses or collimates this energy into 
locally plane waves which travel out into space. 
Electrically, the radome serves no useful pure 
pose and is designed to produce minimum effect 





*This section is a condensation of; Alan F 
Kay, "Streamlined Lens-Radomes," (Technical 
Research Group, New York, N, Y.), W.A.D,C,« 
0.8.U, Radome Symposium, June 1956, 
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on the fields, A focusing element of another 
type occasionally used instead of the dish ig a 
dielectric lens, Beceuse the lens action of ra-~ 
domes has frequently been observed, it seems 
natural to ask if it is not possible to combine 
the function of the dielectric housing (the ra- 
dome), and the antenna focusing element into a 
Single unit, a "lens-radome," 


In a certain sense, lens-radomes have been 
used, Any time a dielectric lens is used in a 
flush-mounted application or without a radome, 
the focusing and housing functions are being 
performed by a single component, Such appli- 


ey vec sr ars Ia 
a. SSSR PEN REE IT TILTED TET TE TE 


cations, however, are not the ones in which 
radomes have difficult problema; for one thing, 
uniii recently, iens-radomes have not peer 
streamlined. Their exterior surfaces have 
been flat, almost flat, or at most, spherical. 


2-37, The Luneberg Lens 


An example of the latter is the Luneberg lens 
(Figure 2-61), The Luneberg lens is a sphert- 
cally symmetric lens whose relative dielectric 
constant varies from a maximum of 2 at the 
center to unity on the outer surface following 
the law 


2 
t= 2 - (5) (2«218) 


where a is the radius. On the basis of geome- 
trical optics, a point source placed on the sur- 
face of the Luneberg lens is focused into a 
plane collimated beam. Because of the spheri- 
cAl symmetry, the beam will scan throughout 
all space without distortion if the source tra- 
verses the surface of the lens appropriately, 


Lunebergs have been built and tested at many 
laboratories and have been found to operate 
well inthe microwave range up to frequencies 
above X-band. A proof that geometrical and 
physical optics are quite accurate for the 
Luneberg lens has been cbtained by H, Jasik, 
who gives an exact solution of radiation from 
both a dipole and an ormnidtrectional source on 
the surface of a Luneberg lens. Jasik compared 
this solution with the physical optics solution 
and found no practical difference for the main 
lobe and the first side lobes for a lens as small 
as 2 1/2 wavelengths in diameter, Unlike con- 
ventional radomes, a Luneberg lens hasa slow- 
ly varying dielectric constant, There are no 
discontinuities and the maximum dielectric 
constant is relatively small. 


2-38, Streamlined Lens 





The Luneberg lens, however, is not stream- 
lined, It would bedesirable todevelop anaxially 


Figure 2-61. Luneberg Lens and Rey Mep 
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symmetric lens-radome with fineness ratio as 
high as 3 to 1, capable of scanning to #45°, for 
applications where there are weight, strength, 
thermal, and erosion problems, as well as 
electrical transmission and _ boresighting 
requirements. 


Certain theoretical considerations, as well as 
the weight of expericnce, show that only the 
Luneberg leus and certain modifications of it 
that are also spherically symmetrical can 
achieve perfect focusing for a range of scan 
angies, Therefore, only designs which focus 
approximately throughout a scanning range will 
be considered, A two-dimensional analysis in 
the plane of the feed offset is sufficient to show 
that most design approaches are unsatisfactory, 
A number of design procedures have been con- 
sidered, A particular type of dielectric con- 
stant variation was considered first, then some 
criterion of focusing and scanning was em- 
ployed such as two- or three-puint correction 
or the Abbe sine condition, and then the ray 
pa..s were determined. These analytical at- 
tempts were abandoned for one or more of the 
following reasons: inadequate streamlining, 
computational complexity, inadequate scanning 
range, or impractical values of dielectric 
constant, 


2-39, Design Approach 


The approach which proved most successful 
is the reverse of the analysis procedure, It 
begins by choosing a fleld uf curves which, if 
they were rayg, would mean good focusing and 
scanning properties, Thon a dielectric con- 
stant variation is "synthesized" in such a way 
that the rays associated with it are the chosen 
curves. The desirable focusing and scanning 
properties are thereby realized, 


For example, suppose we would like the outer 
surface of the lens-radome tobe aspheroid with 
semi-major axis a, and axial ratio A as in Fig- 
ure 2-62. The fineness ratio can be chosen as 
large as desired. Now we want a family of 
rays which focus and imply some scanning 
ability, We choose a family of ellipses, for a 
number of reasons: . 


1. They focus; that is, they all start from the 
axial feed point and emerge at the outer sur- 
face of the lens parallel to the axis, 


2, They satisfy the Abbe sine condition. This 
condition implies that when the feed point is 
moved off tha axis fur a short distance the 
beam will scan and the lens will continue to 
focus those rays in the plane shown, as well as 
the rays leaving the source and entering the 
lens in all directions in space, 


Spherical ee spheroidal 
back outer 
auriace surface 


x 
source Qa 


Figure 2=62. Spherelde!l Lens~Radome 


3. When A is unity, this design reduces to the 
ordinary Luneberg lens. 


Now how do we determine a dielectric con- 
stant variation which actually makes the ellip- 
tical curves into rays? In a design by analysis 
one would know the dielectric constant and de- 
sire to find the ray paths. Here we have the 
ray paths and desire to determine the dielec- 
tric constant. We first find the orthogunal tra- 
jectories of the rays; these are the wave 
fronts, This can be done numerically or by the 
simple graphical means of starting at a point 
onthe outer lens surface and, with the aid of 
triangles, tracing by eye a curve which inter- 
sects each successive ray at right angles. The 
graphical method has proved quick, simple, and 
accurate for this problem. 


Next, the dielectric constant is found, as fol- 
lows, Lets denote arc length along a particu- 
lar wave front. We take a pair of dividers with 
a fixed small spacing 43s, and lay off a series of 
equidistant points, say 1, 2, ..., Jj, on the wave 
front, the first point being at the outer surface. 
Then the relative dielectric constant ¢ } at point 
} 18 found from Equation (2-217) 


j-d 
Ins = In ey + Ky +4; + 2o«)es (2-217) 
i=1 


where ., is the radius of curvature ofthe rays, 
and «; is obtained by interpolation from the 
values of curvature of the rays near point i, 
Equation (2-217) is obtained by integrating 
Equation (14), on page 112 of Reference 44 and 
applying the trapezoidal rule, «9 is the dlelec- 
tric constant on the outer surface and is arbi- 
trary. In this way, we determine « on each 
wave front and repeating for all the wave fronts 
we have « at a set of points covering the whole 
lens. By interpolation we determine contours 
of constant dielectric constant, the "isofracts." 
This method was tested with the Lunebery leas, 
and it gave the correct result with an accuracy 
in{é of 40.005 or better. 
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This method has been used to design a spher- 
oidal lens having an axial ratio A of 2,as well 
as an ogival lens having an overall fineness 
ratio of about 2:1 and a surface dielectric con- 
stant of 1.04. If the surface dielectric constant 
is chosen greater than unity, then refraction 
will take place at the boundary; this must be 
accounted for in the equations for the rays, 
While the method still applies in principal, dif- 
ficulty 1s experienced near the nose, in view of 
the requirements of focusing, the Abbe sine 
condition, and a large fineness ratio, if we ask 
for a surface dielectric constant of 1.4 or 
greater, then the thickness, through which a 
dielectric constant appreciably greater than 
unity p*evails, turns out to be so thin that it 
seems just as satisfactory and much simpler to 
work with an ¢g =1 design to begin with and 
then add a thin, high dielectric constant layer 
to the outer surface. The error introduced 
thereby may be partially compensated later. 


Let us turn now to some practical consider- 
ations, How would one make such a lens? To 
answer this question we examine the technology 
developed for the Luneberg lens; for example, 
one suitable for X-band or lower frequencies. 
It has been found satisfactory to approximate 
the dielectric constant gradient by 10 homogen- 
eous concentric spherical shells, The loss 
tangent must be less than 0,01, but dimensional 
tolerances are half the thickness of the layer 
and are no problem at all. Luneberg lenses are 
now available commercially from at least three 
places, Methods of manufacture differ: the 
layers may be machined or molded in matched 
dies, they may be made of polyfoam of various 
densities, perhaps loaded with conducting par- 
ticles, or of a ceramic foam; ov they may be 
artificial dielectric. 


All these techniques apply equally well to the 
streamlined lens-radomes. As an illustration 
of cost, it is estimated that a single expert- 
mental model of either the blunt or streamlined 
shape, held to tolerances, and made by machin- 
ing, would cost $7,000. If matched dies were 
used, the cost would be much higher, especially 
since the layers are not spherical. 


Two practical problems are transmission 
loss and weight, Table 2-11 shows the esti- 
mated maximum transverse diameter in wave- 
lengths for a streamlined lens-radome for a 
3-db and a 1-db maximum transmissicn loss 
for three typical materials, Table 2-1 also 
gives the weight of the lens-radome for two 
diameters and the same materials. 





It appears that loaded materials are likely to 
be far too lossy but that unloaded materials 
may he too heavy; or, alternatively, a small 
lens-radome should have no loss or weight 
provism, Sut a large lens-radome would ornh. 
ably require an unusually low-loss, lightweight 
foam to be feasible, 


2-41. Lens Feeding 


Feeding the lens is another problem. Table 
2-IM shows the maximum feed aperture dia- 


meter versus the lens radius, based on physical 
optics and the Raleigh criterion, 


The Abbe sine condition does not guarantee 
a large amount of scanning. How do these 
lenses behave off axis? Can they scan to 45°? 
To aaswer these questions, ripple tank model 
studies have been made. Although the scanning 
range appears to be at least +30°, this study is 
stl in progress and definite conclusions can- 
not be stated at this time (June 1956). Addi- 
tional discussion of lenses and lens-radomes 
will be found in the references listed in the 
biblHography,. 


Toble 2-1[. Lens=Radome Weigh? and Transmission Loss 








Lens Radius in Wavelengths 
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Material Bast eee aces sodas ONG MNS 52 
for 3-db for 1-db diameter diameter 
loss loss _ B inches 80 inches 

1, Polystyrene foam 444 148 0.89 193 
2. Loaded polyfoam 6.3 2.1 48 
3. Ceramic foam 133 44 
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4/8 Criterion 4/16 Criterion 


0.58 0.33 
0.84 0.48 
1.0 0.58 
1.45 0.87 
2.16 1.34 
3.0 1.92 
4.1 2.68 
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SECTiON K, RADOMES FOR MILLIMETER WAVELENGTHS* 


2-42, Difficulties At Millimeter Wavelengths 


A number of difficulties arise in designing a 
radome for uge at millimeter wavelengths, At 
wavelengths from 1 to 10 mm (frequencies 
from 30 to 300 kmc), the electrically thin ra- 

*The material in this section is taken from: 
Jack H, Richmond and David C. Stickler, 'Ra- 
dumes for Millimeter Wavelengths," Report 
655~4, Contract AF 33(616)-3212, Antenna 
Laboratory, The Ohlo State University, Auguat 
1956. 
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dome would be only a few thousandths of an 
inch thick. Even the first-order half-wave 
homogeneous sheet or sandwich becomes too 
thin and weak at millimeter wavelengths. Suf- 
ficient strength might be obtained with a first- 
order half-wave wall by pressurization, This 
technique has been propgged for thin-wall 
missile radomes at X-band, 


As the wavelength decreases, the permissible 
tolerance Ad in wall thickness decreases, as 
given (for the half-wave sheet) by Equation 
(2-82): 


AQ for? cos @ 


2n(e -) 


Ade 





(2-218) 


‘Khug, at a wavelength of 5 millimeters the 
thickness tolerance is only one-sixth as large 
as at 3 centimeters, for a given parmissible 
loss in power, given angle of incidence, and 
dielectric constant. 


At the higher frequencies where first-order 
half-wave walls become too thin, one might 
consider the use of second-order ({full-wave- 
length) or higher order walls. For a given di- 
electric constant and design angle of incidence, 
the higher order homogeneous flat sheets have 
several disadvantages in comparison with the 
firat-order half-wave sheet, including the 
following. 


a, The permissible tolerance 4c, in dielec- 
tric constant decreases as the order n in- 
creases, as given by Equation (2-88): 


3/2 
2/4 t (e, - sin” 6) ; cos 6 (2-219) 
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E na (é, - 1) 


b. The loss in transmission at the design 
angle of incidence increases almost in direct 
proportion with nj for example, if the sheet is 
designed for normal incidence, the loss in 
power transmission due to dielectric losses is, 
by Equation (2-57): 


+1 
AT? x hn tan 3 (2-220) 
(<- 
Thus, in constructing the higher order half- 
wave sheets it becomes more important to use 
low-loss radome materials. 





c. The refractive shift b is proportional to n, 
as given by Equation (2-183): 


b nsin(&- &) 


a 2] q cos" 6 


The refractive shift is never greater than the 
thickness of the radome wall itself. The re- 
fractive shift will therefore probably be no 
greater in a milliineter radome than in any 
other radomo; however, the diameter of the 
vertex shadow zone (Section H) may amount to 
several wavelengths at the higher frequencies. 
In this case, the far-field diffraction pattern 
associated with the shidow zone may become 


(2-221) 


quite directive, thus introducing pattern distor- 
tion and system errors. 


d. The performance over a givan range of 
angies of incidence deteriorates as n increases. 


e. The performance over a given range of 
frequencies deteriorates as n increases. 


2-43, Disadvantages of Higher-Order Half~- 
Waye Walls 


The decreased performance over a range of 
angles of incidence can be illustrated by refer- 
ence to Figure 2-63. Assuming a lossless ra- 
dome material with a dielectric constant of 4, 
suppose it is desired to choose a wall thickness 
to make T2 as constant as possible for all 
angles of incidence from 0 to 80°. From Fig- 
ure 2-68, this requires a thickness of 0,302 
{ree~space wavelengths for the (modified) tirst- 
order sheet or 0.602 wavelengths for a second- 
order sheet, The power transmigsion coeffi- 
cients obtained in the two cases are about 0,83 
and 0.67, respectively, 


As another example, suppose we wish to 
choose 4 wall thickness to maximize the mini- 
mum T¢ over the range of angles of incidence 
from Oto 80°. From Figure 2-83, this re- 
quires a thickness of 0.283 or 0,865 wave- 
lengths for a first- or second-order sheet, 
respectively. The minimum power transmis- 
sion coefficients obtained in the two cages are 
0,937 and 0,760, respectively, 


Or, consider the problem of minimizing the 
variation in insertion phase shift for angles of 
incidence between 0 and 85°, From Figure 
2-64, this requires a thickness of about 0,23 or 
0.88 wavelengths. The variation in insertion 
phase delay is 0.18 or 1,18 radians, respec- 
tively. 


In this particular case (cy = 4, tan 5 2 0, per+ 
pendicular polarization, homogeneous flat 
sheet), if the thickness is chosen to maximize 
the minimum transmission, to minimize the 
variation tn transmissicn, or to minimize the 
variation in phase shift, the second-order sheet 
Provides much poorer results than the first- 
order. The third-order sheet is even worse. 


Now, we may wish to use a compromise de- 
sign which, for the given range of angles of 
incidence, will sacrifice performance on each 
of the individual design criteria in hopes of 
obtaining better overall characteristics. The 
compromis¢ thickness must be somewhere be- 
tween 0.230 and 0,302 wavelengths for the half- 
wave sheet, or between 0.530 and 0.592 wave- 
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Figure 2=63. Power Trenamienton Cootfietent fore Lossless Plane Dielectric Sheet (Frem Reference 6 by permission of 
U. S. Novel Air Davelopment Center, Jehnaville, F anaylvenia) 


lengths for the full-wave sheet. It is apparent, 
atter a closer study of Figures 2-63 and 2-64, 
that a compromise full-wave sheet will be sub- 
stantially poorer than & compromise half-wave 
sheet, The same conclusions are reached by 
studying curves for homogeneous sheets of 
other dielectric constants. 


It was stated that the bandwidth over which 
good performance is obtained decreases as the 
order of the half-wave homogeneous flat sheet 
is increased. This can be illustrated by re- 
ferring again to Figure 2-63. Assume a loss- 
less material with dielectric constant of 4. If 
the design angie of incidence is zero degrees, 
the thicknesses of first- and second-order 
sheets, measured in free-space wavelength at 
the design frequency, will be 


82 


dy 
—= 0 26 (2-222) 
AQ 

and 
dg 
--— « 0,20 (2-223) 
Xo 


respectively. At the design frequency and 
angle of incidence, perfect transmission is 
obtained in both sheets. Now, consider the 
performance at a somewhat lower frequency 
where the free-space wavelength is, say, 


Ay ® 1.2d9 (2-224) 
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Figure 2=64, Insertion Phase Delay Through « Leoslest Plane Dielectric Sheet (From Reference 6 by permiaaion of 
U. S. Navel Air Development Centar, Johneville. Pennsylvania) 


The thicknesses, in terms of the free-sparc 
wavelength, become 


ay 
— = 0,208 (2-225) 
% 

and 
dp 
— = 0.416 (2-226) 
a) 


From Figure 2-63, at the new frequency the 
power transmission coefficients of the first- 
and second-order sheets drop to 0.888 and 
0.700, respectively; thus, the higher order 
sheets are more narrow banded, 


It appears that all the pertinent electrical 
Properties of the homogeneous half-wave flat 


sheet become worse as the order is increased, 
When a higher order sheet must be used to ob- 
tain sufficient strength, poorer radome perfor- 
mance must be expected unless, for oxample, 
the fineness ratio of the radome is reduced or 
the antenna beam width is decreased, No easy 
solution to this problem is known, 


2-44, Techniques Used In Infrared Systems 


We might inquire how this problem is over- 
come in the “irdome" (radqme for infrared 
systems), At a wavelength of 2 microns (1 
millimeter = 1,000 microns), an irdome wall 
thickness of 0,5 centimeters with a dielectric 
constant of 2 yields a half-wave wall of order 
7,070 for normal incidence. As the angle of 
incidence is raised, the order rapidly de- 
creases, becoming 7,000 at 11.5°, and 5,000 at 
Grazing incidence, Equation (2-56), The same 
effect is produced by a change in frequency, 





Sodas Dea = 2 


For example, at normal incidence the order is 
changed from 7,070 to 7,000 by changing the 
free-space wavelength from 2 microns to 2.02 
mierancs; thus, the transmission cocticicnt 
varies rapidly through alternate maxima and 
minima as the frequency or angle of incidence 
ig varied, 


A variation in thickness of this irdome of 
only 0.001 inch will change its order by 36, as- 
suming normal incidence, A dielectric constant 
increase to 2,01 will increase the order by 18. 
Obviously, if the irdome were to be used with 
an infrared system employing a single wave- 
length, it would introduce severe beam tilt, 
depolarization, and reflection, The permis- 
sible tolerances in wall thickness, shape, di- 
electric constant, and frequency would be fan- 
tastically small, These difficulties are avoided 
by using a band of frequencies, with wave- 
lengths extending from, say, 1 to 5 microns, 
Although the irdome may have poor trans- 
mission for some of the frequency components, 
it will have good transmission for others, The 
average transmission coefficients over the 
range of frequencies may be quite high if low- 
loss materiais are used, the dielectric constant 
{s low, and thin skins of lower dielectric con- 
stant are used to reduce reflection, 9:74 
Furthermore, the average transmission coef- 
ficient may be nearly constant over a range of 
incidence angles. 


Depolarization loses much of its significance 
in the infrared system, since the generators 
and detectors are usually unpolarized (ran- 
domly polarized), Insertion phase shift loses 
much of its {mportance since the infrared ra- 
diation is incoherent (randomly phased), These 
considerations also apply to optical systems, 
such as the human eye, with, for example, a 
glass window pane serving as a ''radome." 


in view of the difficulties encountered in de- 
signing a millimeter radome, especially at the 
shorter millimeter wavelengths, it may be ad- 
vantageous to adapt some of these infrared 
techniques to the millimeter wavelengths. For 
example, consider a lossless, homogeneous 
sheet, one-half inch thick, to be used at a 
wavelength of 2.54 millimeters: then, d/ 9g is 5, 
and the transmission coefficient is as shown in 
Figure 2-65, assuming a dielectric constant 
of 4, Figure 2-66 also shows the transmission 
coefficient for the same sheet at a slightly 
different wavelength, 44, where d/\Q is 5.14. 


The trausmission coefficient at each of these 
wavelengths varies excessively versus angle of 
incidence, Suppose, however, a radar system 
Were designed io employ both wavelengths 
simultaneously, and to respond to the average 
of the power levels received at the two wave- 
lengths; the effective transmission coefficient 
Tay? would then be the average of the values 
T,2 and T; 2 at the two wavelengths, That is, 


2 d 2 2 
Taye = = (T,“ + T,") (7-227) 
This average transmission coefficient, shown 
in Figure 2-67, is much less dependent on angle 
of incidence than the original transmission 
coefficients. Of course, to take best advantage 
of this effect 4g and 4g mus: be properly 
chosen, as described in Reference 76. Addi- 
tional improvement could be obtained by using 
a lower dielectric constant, by adding thin low- 
reflecting skins to the sheet, and by using more 
than two frequencies (or by using a band of 
frequencies), 


2-45. Wall Constructions for Millimeter 


Wavelengths 
An “At! sandwich with half-wave sking and 
with a very low core dielectric constant has 
been suggested for use at very short wave- 
lengths, such as K-band.!3,19 As explained in 
Section B, this type of sandwich can be designed 
for perfect transmission (assuming lossless 
materials and air core) at two angles of inci- 
dence, At millimeter wavelengths this con- 
struction would not be excessively heavy, and 
its extra thickness (compared with the ordinary 
thin-skin "A" sandwich) would be an advantage. 





in reference 38 it i. suggested that a dielec- 
trie sheet having a continuously varying dielec- 
tric constant might be designed for extreme 
broadband performance. The dielectric con- 
stant would be low at the surface and would 
gradually rise to a maximum at the center of 
the sheet, It would seem that if practical 
sheets of this type were developed they might 
show promise for use at millimeter wave- 
lengths. 


C sandwiches have been used at K,,-band for 
their good electrical properties and mechanical 
strength.27 Certain multiple sandwich con- 
structions have been found to be extremely 
broadband, therefore; it would seem that they 
might also prove useful for millimeter ra- 
domes, 
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INDEA GF SYMBOLS 


Extremity of antenna aperture P 
Extremity of antenna aperiure Ba 
Constant of the ogive 

Constant of the ogive B 
Diameter of the circular aperture 

Normal sheet thickness Ph 
Thickness of radome Pan 
Normalized wall thickness * 

Normalized core thickness vs 
Constant normalized skin thickness +) 
Electric field vector Po 
Polarization vector in HV plane i 
Gain of antenna 

Magnetic field vector 

Elevation of aircraft - 
Unit vector parallel to x-axis Re 
Unit vector paralle} to y-axis Ry 
Unit vector parallel to z-axis Rin 
Vector located alorg intersection of 

incidence plane and plane HV Rmo 
Outward-directed unit normal vector 

to surface at (x, y, z), direction de- 

fined by gradient of surface function Ro 


F (x, y, 2) 
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Antenna pattern 


Power density received at a fixed 
position in the antenna beam without 
a radome present 


Power density received at same 
point as Pas but when radume is 
properly installed above antenna 


Power density along ground for air- 
craft at elevation h 


Minimum detectable power level into 
the receiver 


Received power in the presence of 
a radome 


Power at the receiver 
Total transmitted power 


Unit vector of direction of propa- 
gation of radiated field 


Constant of the ogive 


Slant range to point on ground 
under consideration 


' Mean radius of the earth 


True ground range 


Maximum range in the presence 
of the radome 


Maximum range at which target 
having cross section of o can be 
detected 


Chord subtended Ly angle = at 
radius Re 








INDEX OF SYMBOLS ( cont) 


Radius at dxial station point z 
Surface area of radome 


Effective complex transmission 
coefficient 


Power transmission coefficient 
of the radome 


Complex transmission coefficients 
of a linearly polarized wave 


Weight of radome 
Weight of sandwich radome (pounds) 


Weight of solid-wall glass fiber 
radome (pounds) 


Radome surface coordinate 
Radome surface coordinate 
Axial station point 

Radome surface coordinate 


Angle between i |) and V-axis 


Angle between Zj- and z-axes 
Antenna orientation angle 


Half-power beam width (in degrees) 
of the main beam (central-maximum) 


Insertion phase 
Surface of radome 


Core dielectric constant 
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ey Relative dicloctric constant of 
solid wall 

Eg Skin dfelectric constant 

6 Angle measured from the horizontal 
plane to R 

6 Depression angle 

6 Incidence angle 

6 Incremental element of radome 


of surface 4S having position 
coordinates x, y, and z 


4y Brewster's angie 


oy by Angles between 2 and the projections 
of n of each of the Planes VP and HP 


A Free-space wavelength of transmitted 
signal 
é Angle which the polarization vector 


makes with the incidence plane 
p Density of radome wall 
Po Density of alkyd~isocyanate foam 


Ps Density of glass fiber laminate 


oe Effective scattering cross section 
of the target . 

$d Electrical thickness in radians at an 
arbitrary angle 6 

¢ Angle between e and dxy 

¢ Angie relating polarization vector 


e in HV plane to V-axis 
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SEARCH RADOME DESIGN 


SECTION A, SEARCH RADAR ANTENNAS 


The term "search radar" isa generic term 
applicable to a whole family of radars whose 
principal function is ground or aerial surveil- 
lance of one form or another, The associated 
antennas are usually of the primary-feed-plus- 
reflector variety where the shape of the re- 
flector has been determined on the basis of the 
pattern coverage required. Although it would 
be possible to illuminate simultaneously the 
whole ground area or spatial volume of interest 
with a broad-beamed antenna, the mode of op- 
eration of most search radars requires that 
azimuthal information be obtained by noting the 
direction in which the antenna is beamed, Range 
information is usually obtained by transmitting 
pulses of r-f energy and detecting the travel 
time to and from various targets. Thus most 
search antennas are designed to have a rela- 
tively narrow beam in the azimuthal plane with 
broader coverage in the vertical plane. 


3-1. Patterns 


Search antenna patterns are usually obtained 
by using an antenna feed and reflector system 
which is similar in principle to an automobile 
headlight; that is, a primary feed source (such 
as an open-ended wave guide) is the light bulb 
of the analogy, and is located at the focal point 
ofa paraboloid of revolution that in turn is rep- 
resented by the reflector. Hence, the energy 
emanating fromthe primary source is collimated 
into an axially symmetric pencil-like beam. 
Actually the rollimation of a pencil beam is never 
perfect, since the energy, whether it be visible 
light or microwaves, propagates as waves and 
not rays; however, if the wavelength of the 
radiation is very small compared to the diameter 


of the parabolic reflector, the ray analogy is 
generally adequate. By calculating the Fraun- 
hofer diffraction pattern for a circular aperture, ! 
it can be shown that the half-power beam width 
a, in degrees, of the main beam (central- 
maximum) can be related to the diameter of the 
circular aperture d and to the wavelength , by 
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ar (3-1) 


where , and dare measured in the same units. 


The asymmetrical type of pattern normally 
required for search radars can be obtained by 
using a parabolic reflector whose aperture 
dimension in the azimuthal plane is large in 
comparison to its dimension in the vertical 
plane. 


However, it iscustomary to perturb the contour 
of the antenna in the vertical plane to permit 
uniform illumination of the ground as a function 
of range. Views of Figure 3-1 (a and b) repre- 
sent a plan view and a cross sectional view, 
respectively, of a search antenna. Figure 3-1 
(c and d) represent polar coordinate plots of the 
idealized angular variation of radiated power 
density from the antenna as measured in the 
azimuthal and vertical planes, respectively. 
These plots of radiated power are commonly 
referred to as antenna patterns. 


3-2. INumination 


The requirement of uniform ground illumination 
somewhat complicates the design of search radar 
antennas.“ For the case of a flat earth and for 
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Figure 3-1, Cosecant-Squared Antenna And Pattern Configur- 


ation: (#) Antenne Front View; (b) Antenna Side View; 
(c) Patten, Horizonte! Cut; (d) Pattern, Vertical Cut 


uniform illumination the antenna pattern P will 
be of the form 


P,h? ese” 6 
» 


R2 


P (3-2) 


where P} is the power density along the ground 
when the aircraft is at an elevation h; R is the 
slant range tothe point on the ground under con- 
sideration; and @ is the angle measured from 
the horizontal plane to R, as shown in Figure 
3-2. Of course Equation (3-2) represents the 
idealized case which would require an infinite 
power density in the direction of the horizon. 
In actual practice there is a finite range of 
coverage over which uniform illumination is 
required, It is customary to depress.the main 
beam component of the search antenna so that 
the direction of maximum intensity within the 
beam may be between 29 and 10° below the 
horizontal, depending on the altitude of the air- 
craft and the maximum desired range of illumi- 
nation, With the aid of the geometry of Figure 
3-2 it can be shown that the true ground range 
Rg is related to the depression angle ¢, the 
elevation h, and the mean radius of the earth 
Ry by 


Rg = Rea (3-3) 


where 


At 
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2 
seeot (ts) 5 
2R,2 ( 7 ) 
and where 
R, = h cos # Sin (6 - a) (3-5) 
0 2 2 
cos*a - cos“ # 


Now Ry is simply the chord subtended by the 
angle w at the radius Re, and since « isin 
general very small it is obvious that 


Rox Rg (3-6) 
With the aid of Equation (3~5) for the case of 


small a ,the ground range Rg to afirst approxi- 
mation is therefore given by 


Rg = h ctn @ (3-7) 


It should be carefully noted that while the ap- 
proximation of Equation(3-7) is quite convenient, 
its use is limited to angles which lie below the 
horizon, Thus 


a 
o> tant! /2h ho (3-8) 
Re Re 


Usually the pattern of an airborne search radar 
is determined on the basis of providing uniform 


earth's 
surface 





Figure 3-2, Geometry for Uniform Greund Hiumination 


in ee 
— 





we 


illumination on the ground over a given range 
interval for various altitudes, Thus, with the 
aid of Equation (3-7), an immediate determin- 
ation of the angular range over which the pat- 
tern must satisfy a csc“ « power distribution 
may be made, 


The esc? @ pattern just discussed essentially 
illustrates the basic requirement of most air- 
borne bombing or navigational search radars — 


uniform ground illumination; however, the 
peculiar functional requirements of any parti- 
cular search radar may necessitate an antenna 
having 4 special pattern, Therefore, itis often 
neceacary for the sadoms @ designe: tu ia ve ali 
the detaila of the antenna design prior to begin- 
ning the radome design. In most cases the de- 
sien of the radome and the antenna should be 
undertaken concurrently with the two designs 
coordinated to eliminate incompatible require- 
ments, 


SECTION B, ELECTRICAL REQUIREMENTS 


3-3, Introduction 

Theoretically, the influence of a radome on the 
structure of a radiated field can be determined 
by solving Maxwell’s electromagnetic field 
equations with the appropriate boundary and 
initial conditions. Even if this were practical, 
which in general it is not, it would still be nec- 
essary to have available a detailed quantitative 
description of the radar system before the over- 
all effects of the radome on the performance of 
the radar could be determined, 


The great variety of search radars in exis- 
tance today precludes a detailed discussion of 
all the peculiar radome problems thai may exist, 
and the following discussion has been Lmited, 
accordingly, toafew of the more important ones 
which are common to conventional airborne, 
ground-mapping radars, 


In Chapter 2 an analysis was made of plane, 
linearly polarized electro-magnetic waves 
traversing idealized isotropic, homogeneous 
plane sheets of infinite extent, The absorption, 
reflection, and transmission coefficients of the 
sheets were related to various parameters such 
as frequency, polarization, permittivity, per- 
meability, dielectric and magnetic loss, normal 
thickness of sheet, and the incidence angle, As 
wa4 the case forthe dielectric sheets, the effect 
of the radome on the r-f field can be related in 
terms of its complex transmission and reflec- 
tion characteristics to the same set of para- 
meters; but in addition, the geometry of the 
radome shape, its structure, and its physical 
orientation with respect to the radiating sys- 
tem and other surrounding objects in space 
must also be known, One other major point of 
difference between the idealized case and the 


radome is that the idealized case was based on ~ 


plane linearly polarized waves traversing the 
sheets, whereas a radome interacts with a 
field which at best can only be approximated by 
a plane wave. Because of the complexity of the 
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interaction between the radome andthe r-f field, 
it is difficult to relate specific radome para- 
meters to the many indirect effects the radome 
has on the performance of the radar system; it 
is therefore desirable to examine the effects 
first and then consider the causes, 


3-4, Range Reduction Due to Radome 


Range reduction is probably the most common 
performance degradation caused by the radome, 
although it is seldom the most serious. This 
reduction can result from the absorption of 
power by the radome or from the redistribution 
of power in the radiated field, or from both, 
Usually, the latter cause has the most noticeable 
effect, sincein general most radome wall mate- 
rials currently in use are relatively lossless. 
The redistribution of energy in the field may 
result from phase perturbations produced by 
the radome, from a high radome wall reflection 
coefficient, or from both. Generally the phase 
shifts across the beam are never great enough 
to produce more than a few degrees deflection 
and, except where beams having sharp maxi- 
mums are involved, beam deflection can usually 
be considered secondary in terms of range re- 
duction. The principal cause is usually a large 
coefficient of reflection, which is evidenced by 
the radome transmission properties. 


In addition it should be mentioned that while 
phase perturbations produced by the radome 
are not usually a problem in conventional non- 
coherent search radars, there is a family of 
coherent radars that utilize phase and rate of 
change of phase (frequency) information. This 
latter group {ts composed of various doppler 
navigation and moving target indicator (MTI) 
radars, Since all are characterized by their 
utilization of phage and frequency information, 
any phase shift produced by the radome may be 
a source of error. In general, however, phase 
shifts produced by the radome are not a problem 
if the radome behaves isotropically, 





It is only when the phase shift is a function of 
direction that it becomes a problem. Due to the 
great variety of coherent radars, it is impossible 
to design tor them as a class; however, when 
the particular requirements are known it is 
usually possible to design a radome having the 
required phase properties by utizing design 
techniques similar to those employed for ra- 
domes where beam bending is a major problem. 
Those techniques are discussed in Chapter 4. 


It is common practice to measure the trans- 
mission characteristics of a radome interms of 
the reduction in power density produced by the 
radome at various points within the antenna 
beam as a function at the relative orientation of 
the radome and antenna, To determine the re- 
lation between range and radome transmissivity 
let 


72 = (3-9) 


ro [EP 
ap |S 


where T? is the power transmission coefficient 
of the radome as determined by two measure- 
ments: (1) the power density P,, received ata 
fixed position in the antenna beam without a 
radome present; and (2) the power density Pp, 
received at the same point when the radome is 
properly installed about the antenna, It should 
be noted that T2 is a function of the direction 
coordinates with respect to the antenna beam, 
and also of the orientation of the coordinates of 
the radome with respect to the antenna. The 
well-known radar range equations in the absence 
of a radome defines the power Pro at the 
receiver as 


Py G\/ (: ~) Pp G22. 
P= —- p= . 
r) (23) (<2) 4n (4n)3 R4 ae 





where the first quantity in parentheses is the 
magnitude of the power density at the target 
which, together with the second quantity in pa- 
rentheses, is the magnitude of the reflected 
power density in the vicinity of the receiver. 
The third quantity in parentheses ig simply the 
cross sectional area of the receiving antenna. 
Here Pq isthe total transmitted power, G is the 
gain of the antenna (the same antenna is used 
for both transmitting and receiving; by recipro- 
city,3 the gain G isthe same for both the trans- 
mitting and receiving functions) R is the one- 
way range to the target, : isthe effective scat - 
tering cross section of the target, and » is the 
free-space wavelength of the transmitted sig- 
nal. Now if the minimum detectable power level 
into the receiver is designated as Pp, then the 
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maximum range R mo at which a targethaving a 
cross section « can be detected is given by 


pp, \ G20 
Rind “f2) = (3-11) 
Pan (4n) 

With the radome present, the power will be 
reduced by a factor T2 as it passes through the 
radome wall for both the outgoing and incoming 
waves, This modifies Equation (3-10) so that 


the received power inthe presence ofa radome, 
P,, is given by 





Pp, = T! Py9 (3-12) 


Hence for the same minimum detectable power 
Py the maximum range in the presence of the 
radome, R,», is given by 


Ra = T Rind (3-13) 


itis apparent that the maximum range at which 
a particular target can be detected is directly 
proportional to the square root of the power 
transmission coefficient of the radome and to 
the fourth root of the total power, Po, being 
radiated; thus much of the effort spent in de- 
veloping high-power microwave oscillators can 
be negated by a radome with poor transmission 
properties. 


3-5, Magnetron Frequency Pulling 


Another effect attributable to the radome is 
so-called "pulling" of the magnetron, The 
magnetron, like any oscillator, has a resonant 
frequency which isa function of a set of physical 
parameters normally referred to as boundary 
conditions, and, as might be expected, the ra- 
dome is one of ihe parameters, Furthermore, 
the effect of the radome on the magnetron fre- 
quency is dependent on the relative positions of 
the radome and the antenna. Thus, as the radar 
antenna is sweeping in the azimuth or elevation 
direction, the r-f frequency may vary over a 
perceptible range. 


To appreciate fully the effect of magnetron 
“pulling” on system performance requires 
some knowledge of radar display techniques. 
One method that is used to present an instan- 
taneous ground map isthe Plan Position Indicator 
(PPi) display. in the PPI display the ground 
map is painted on the face of a cathode-ray tube, 
using a polar coordinate system, The electron 
beam is deflected radially from near the center 
of the tube out to the periphery with the time 
base of the sweep being proportional to range. 
During the sweep, which is synchronized with 
the pulse repetition frequency (PRF) of the 


radar, the intensity of the electron bearn is mo-~- 
dulated as a function of the amplitude of the re- 
turning radar signal. In addition, the angular 
orientation of the radial sweep about the center 
of the tube is related directly to the azimuthal 
position of the antenna. As the antenna sweeps 
in azimuth, a picture of the ground is simulta- 
neously painted on the cathod-ray tube. 


The radar signal must be amplified to provide 
the signal strength required to modulate the 
accelerating voltage ofthe electron beam. Since 
it ig inconvenient to do this at the transmitted 
frequency, the information signal is transferred 
toa carrier at an intermediate carrier freyuency 
(i-f) and then amplified and demodulated, The 
intermediate carrier frequency is obtained by 
mixing the returning radar signal with a c-w 
(continuous-wave) signal of slightly higher or 
lower frequency, called the local oscillator (LO). 
By summing the LO signal and the returning 
radar signal, the i-f carrier is obtained at the 
difference frequency. If the local oscillator is 
tuned to a fixed frequency, any change tn the 
magnetron frequency due to reflections will pro~- 
duce a corresponding change in the 1-f carrier. 
If the bandwidth of the i-f amplifier is less than 
the bandwidth of the frequency variations pro- 
duced by the radome, some of the return signal 
information will be lost. This effect may be- 
come noticeable in the PPI display by the 
absence of known targets. 


Variation of the magnetron frequency, caused 
by radome reflectionor otherwise, may be com- 
pensated by variation of the LO frequency with 
automatic frequency control (AFC). An AFC 
is an electronic servomechanism that tunes the 
local oscillator in such a way that the proper 
difference frequency between it and the magne- 
tron is maintained. The speed of the tuning can 
usually be made great enough to follow any 
pulling of the magnetron that may occur during 
the scanning cycle. However, the response of 
the AFC is not instantaneous and extreme situ- 
ations may arise in which the magnitude or phase 
ofthe reflection changes so rapidly that the AFC 
cannot compensate, Also, compensation cannot 
be achieved if the magnetron frequency pulling 
is so great that the electronic tuning range of 
the LO is exceeded. These limitations on the 
use of AFC serve to emphasize the necessity of 
minimizing reflections from the radome. 


The phenomenon of pulling can be related 
directly to the phase and amplitude of the standing 
wave inthe line being fed by the magnetron.> To 
minimize it, direct reflections from the radome 
back into the antenna should be minimized. 
Radomes presenting large areas normal to the 
beam of the antenna (so-called "normal-inci- 


dence radomes") will in general produce more 
Pulling then streamlined radomes where the 
refiected energy is not directed back into the 
antenna, In some eases of very streamlined ur 
pointed radomes, the reflection coefficient of 
the walls is large enough to produce secondary 
and tertiary reflections that reach the antenna 
and produce pulling. 


Since the degree of pulling produced by any 
radome-radar combination is a function of the 
pulling characteristics of the magnetron as well 
as the shape, orientation, and transmission 
characteristics of the radome, there is no stand- 
ard maximum allowable VSWR which the radome 
may produce. Each radar system presenis an. 
individual problem. However, the development 
of ferrite load isolators during the last few yearg 
has greatly alleviatedthis problem.® By utilizing 
the nonreciprocal properties of ferrites it has 
become possibleto match the oscillator to a line 
whose impedance is very nearly independent of 
the radome, 


3-6. Interference and Pattern Distortion 


Another common cause of target obliteration 
is interference within the antenna beam as a 
result of reflections. Although these reflections 
are more frequently from the surrounding 
nacelle structure than from the radome, a 
knowledge of their effects is a prerequisite to 
an intelligent choice of radome location and 
type of installation. 


A detailed discussion of the antenna nacelle 
design and its ramifications is presented in 
Chapter 10, Figures 3-3 and 9-4 depict the 
essentials of theinterferenceproblem. In Figure 
3-3 the mechanism of reflection is shown in 
terms of idealized rays. Actually the field 
structure in the vicinity of the radome and the 
aircraft is quite complicated, However, the ray 
analogy is reasonably satisfactory at the higher 
microwave frequencies, where the dimension of 
the radome and aircraft are an order of magni- 
tude, or more, greater than the wavelength of 
the r-f field. But it is this complexity of the 
field that allows for the divergence of the main 
beam rays and the resulting interference pat- 
tern sketched in Figure 3-4, 


Significant beam distortion may also result if 
a portion of the antenna bean: is intercepted by 
internal structural members such as ribs or 
attachment rings. This latter phenomenon is 
sometimes referred to as edge diffraction, but 
actually the basic antenna pattern is nothing 
more than a specialized diffraction pattern and 
the introduction of an obstacle simply changes 
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Figure 3.3. Pattern Distortion Due to Reflections: NeareField Reflection 





Figure 3-4, Petter Distortion Due to Reflections: 
For=Field Pattern interference 


the pattern, Most of the beam distortion prob- 
lems arising from reflections and obatacles in 
the beam ¢::. “eavoided by the proper choice of 
antenna Jecavon and installation; furthermore, 
unwanted re. .ctions can be minimized by cover~ 
ing the reflecting surfaces with absorbing mate- 
rial.‘ However, it is rather futile to attempt 
to remove interfering obstaclea from the path 
of the main beam by covering them with ab- 
sorbing material, The absorbing material will 
appreciably reduce the scattered field from an 
object, but itdoes not prevent diffraction effects 
from occurring in the region behind thecbatacle, 


As waa noted in the discussion of interference 
and diffraction, some of the radome’s degrading 
effects on radar performance can be ralated 
directly to changes in the antenna beam. For 
thig reason, numerous radome specifications 
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are written in terms of allowable changes in 
the antenna pattern, Figure 3-5 shows the an- 
tenna pattern contours for an AN/APS-25 an- 
tenua with and without the radome, These 
caseg are representative of the pattern distor- 
tions produced by a reasonably good radome. 
Most of the differences in the three patterns 
occur in the side lobes, although there is a re- 
duction of power in the main lobe for the case 
where the antenna ia oriented at 40° in elevation 
and 65° in azimuth with respect to the radome, 


The AN/APS-25 antenna is a 24-inch paraboloid 
which produces a pencil beam. The pattern cuts 
shown in Figure 3-5 were’taken in a plane con- 
taining the axia of revolution of the paraboloid 
(the axis of symmetry of the beam, not to be 
confused with the axis of mechanical revolution 
of the antenna) and parallel to the electric field 
vector E, Such cuts are commonly referred to 
as E-plane cuts or patterns, Pattern cuta taken 
in the axial plane perpendicular to the E~plane 
are calledH-plane patterns, since they normally 
are parallel to the magnetic field vector H. 


As might be suspected, one of the major prob- 
lems in determining radome distortion of the. 
field pattern is due to the difficulty of measuring 
the pattern for all possible relative orientations 
of the antenna with respect to the radome, When 
the antenna beam and the radome are axially 
symmetric and the field is plane polarized, an 
adequate description of pattern distortion can be 
obtained as a function of the offset angle be- 
tween the two symmetry axes, and ag a function 
of the angle that the electric field vector makes 
with the plane formed by the same axes. But 
for the more usual cage where the radome or 
the avtenna, or both, are asymmetrical, the 
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Problem of determining the method of testing 
can be as sizable as the design problem itself, 


Some of these problems are deait with in 
Chapter 12; however, most testing procedures 
have to be developed in terms of the particular 


SEC TION C. 
3-7. Design Criteria 


In the design of ground-based and shipborne 
radomes, the shape is normally chosen on the 
basis of optimum electrical performance. In 
the case of airborne radomes, it is generally 
optimized aerodynamically. As > result, many 
of today's aircraft radomes bear a strong re- 
semblance to an icicle, both in terms of outward 
appearance and in terms of their optical and 
electrical properties. In fact, the optical dis- 
tortion, which may be observed when looking 
through a right circular cone of glass from the 
base toward the apex, is in essence the type of 
distortion that has to be corrected in the design 
of extremely high-fineness ratio radomes, 
Since shape ig such an important factor in ra- 
dome design, it has been found convenient to 
classify radomes electrically on that basis; 
thus radomes are frequently referred to as 
being either "normal-incidence" radomes or 
“streamline radomes, The former are iden- 
tified by the fact that all or most of the area 
illuminated is approximately normal to the 
beam, and therefore their transmission proper-~ 
ties are similar to those exhibited by plane di- 
electric sheets when traversed by plane waves 
normal to the surface. Streamline radomes, as 
the.name implies, have large fineness ratios 
(the ratio of length to base diameter), usually 
3:1 or greater. 


If permitted to express apreference in regard 
to size and shape, an individual responsible 
solely for the electrical characteristics of a 
radome would normally choose a spherical 
radome with a radius of curvature as large as 
could be conveniently tolerated and with the an- 
tenna gimbal point (the point of intersection of 
the gimbal axes) located at the center of the 
sphere, Rarely is it possible to surround the 
antenna with a spherical radome; hence, the 
next best step is to make spherical as much of 
the radome surface as can be permitted, One of 
the simpler radome configurations is composed 
of a hemisphere and right circular cylinder, as 
shown in Figure 3-6. The reasons for choosing 
a large spherical radome are rather obvious. 
First, if the antenna is gimbaled about a poini, 
or even two axes which are separated only 


system under consideration. One important 
feature to be remembered when contemplating 
antenna pattern distortion measurements is ihe 
desirability of determining the effects of the 
radome in the presence of the surrounding 
bulkhead and nacelle structure. 


RADOME SHAPE 


slightly, the effect of the radomé can be made 
entirely symmetrical; that is, there is no pre- 
ferred direction, assuming the radome wall is 
electrically uniform, Second, if the radius of 
the spherical section is an order of magnitude 
or more greater than the wavelength, the inci- 
Gence is nearly normal over the whole illumi- 
nated surface area. In view of the transmission 
properties discussed in Chapter 2 for sheets 
traversed by plane waves at or near normal 
incidence. It is reasonable to expect power 
transmission in the vicinity of 95 to 98 percent 
for relatively low-loss dielectric wall construc- 
tions. Although spherical! or hemispherical 
radomes afford the simplest solution to many 
electrical design problems, normal incidence 
characteristics can be undesirable if the radar 
system is particularly sensitive to direct re- 
flections from the radome. As mentioned pre- 
viously, proper design of the radar system to 
include “load isolators" in combination with 
proper radome wall design can eliminate this 
cause of system malfunctioning. Unfortunately 
the use of a spherical radome which is much, 
much larger than the antenna aperture is seldom 
feasible in airborne systems. 


3-8, General Requirements 


Streamlined radomes usually represent a com- 
Promise between electrical and aerodynamic 
design considerations. However, by carefully 
evaluating the required radome performance 
characteristics, it is generally possible to 
achieve a design configuration compatible with 
most of the requirements. It is difficult to out- 





Figure 3-6. Hemiaphericel Redome 





line a specific approach to all such problems, 
but there are two basic steps that should be 
considered as prerequisites to beginning the 
actual design. 


Firgt, the various radome requirements should 
be weighted interms of their relative importance. 
Although this antunds relatively simple, it 1s 
frequently the most difficult design task, As 
an example, consider the design of an aerial 
search and fire control radome which is to be 
mounted on the nose of an aircraft whose func- 
tion is intercepting supersonic bombers, If the 
alreraft requires a streamlined radome to be 
supersonic, the accuracy requirement of the 
search and flre control radar and its surrounding 
radome would probably be secondary to the 
streamlining requirement. Actually, an accep- 
table compromise must be found which will 
satisfy both aerodynamic and electrical require- 
ments, and thus enable the weapons system to 
perform its mission, 


After all the requirements are properly 
weighted, the next design step is the concurrent 
choice of radome shape and wall construction. 
It is important to note that they are not indepen- 
dent. To tllustratethts point, consider the prob- 
lems attendant to the choice of the shape and 
wall construction forthe search and fire control 
interceptor radome just discussed. Let it be 
assumed that to satisfy the velocity requirement 
of the aircraft a cone having an included angle 
at the apex of 30° is recommended, As shown 
in Figure 3-7 for the case where the antenna 
looks out the apex, all the incidence angles will 
be 759 on the basis of ray geometry, As the 
antenna is directed away from the position 
shown, the incidence angles increase on one 
side of the radome and decrease on the side to~ 
ward which the antenna is turning. Depending 
on the relative sizes of the antenna and the 
radome, the range of incidence angles will vary 
from above 76° down to normal incidence when 
the antenna is rotated 75°. The radome design 
thus presents a difficult problem in terms of 
either the search or the fire control require- 
ments of the enclosed radar. The search func- 
tion would normally place stringent requirements 
on radome transmission, and the fire control 
operation would require that radome beam re- 
fraction be minimized or eliminated, Further- 
more, on an aircraft of the interceptor vartety, 
the weight of the radome would be of prime im- 
portance. The problem is therefore to find a 
type of radome wall which will satisfy the elec- 
trical requirements, allow for a 30° conical 
shape, and be light in weight. 


3-9, Electrical Requirements 


In terms of the electrical requirements, a 
prudent choice might be a solid wall, approxi- 





Figure 3-7, 30° Conical Radome 


mately a half-wavelength thick, Examples of 
solid-wall electrical characteristics are given 
in Figures 3-8 and 3-9. The curves shown are 
calculated from equations developed in Chapter 
2 for the transmission of plane linearly polarized 
waves through plane homogeneous, lossless, 
isotropic dielectric sheets of infinite extent. In 
Figures 3-8 and 3-9 the normal sheet thickness 
d, normalized interms of free-space wavelength 
A , 4s plotted versus the incidence angle:., in 
degrees, for the case where the conductivity is 
zero, the relative permeability is unity, the re- 
lative dielectric constant is 4, and for the plane 
of polarization perpendicular (Figure 3-8) and 
parallel (Figure 3-9)tothe incidence plane. The 
dashed lines arepiots of d/A versus ¢ for con- 
stant percentage values of transmitted power; 
the solid lines are for constant values of in- 
sertion phase. The term "insertion phase" 
refers to the phase retardation of the wave 
traversing the dielectric sheet relative to what 
it would have been at a point beyond the sheet if 
the sheet had not been present, An examination 
of the phase and transmission characteristics of 
Figures 3-8 and 3-9 reveals that for all values 
of @ Jess than 90° there is a value of d/\ for 
which it is theoretically possible to obtain 100 
percent transmission (lossless case), Further- 
more, the insertion phase is the same for both 
polarizations when thetransmission is 100 per- 
cent. Thus it might be possible — a little 
sophistry may be required — to design an elec- 
trically satisfactory radome by properly choos- 
ing the radome wall thickness on the basis of a 
thorough investigation of incidence angles and 
polarization, However, a solid-wall radome is 
not particularly desirable in terms of its 
strength-to-weight ratio. A better choice inthis 


' respect would be the cunventional "A" sandwich 


construction described in Chapter 2, The curves 
shown in Figures 3-10 and 3-11 are similar to 
those shown for the case of a single wall in 
Figures 3-8 and 3-9 except that they are plotted 
in terma of normalized core thickness, dc/,, 
versus @ , for constant normalized skin thickness 
dy/d of 0.024,a core dielectric constant <, of 
1.2, and a skin dielectric constant «, of 4.3 
(both relative), 
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Figure 3-8, Constant Transmission and {nsertion Phese Contours (Single Sheet, Perpendiculer Polarization) 


From Figures 3-10 and 3~11 it can be deter- 
mined that in the vicinity of 9 equal to 76° a 
value of d./A does not exist which will provide 
100 percent transmission for both polarizations, 
Also the insertion phase is a function of polari- 
zation for all values of d./\ when 6 is greater 
than zero. Thus, for high-incidence-angle 
radomes, the cholce of an "A" sandwich con- 
struction ia not entirely, if at all, compatible 
with requirements for good transmission and 
low boresight errors (beam-refraction errors). 
But bad as the."A" sandwich electrical charac- 
teristics may be at extremely high incidence 
angles (below 60° the transmiasion and phase 
properties are very good), an appreciable saving 
in weight can be achieved by its use, 


3-10. Weight Factor 
If the surface area of the radome ia denoted by 


S, ita thickness by d, and the density of the wall 
by p, thenthe weight, W, can be approximated by 


W = Spd (3-14) 


Now the denaity -,, of glass fiber laminate 
having a relative dielectric constant of 4.3 is 
approximately 100 pounds per cubic foot and the 
density 0, of alkyd-isocyanate foam havinga 
dielectric constant of 1.2 is about 20 pounds per 
cubic foot. On the basia of Figures 3-8 and 3-9, 
it is reasonable to choose a normalized wall 
thickness where d/, equals 0.285 to achieve 
good transmission out to incidence angles of 75° 
or more. Theretore the weight Wg, in pounds 
of the solid-wall glass fiber radume, with the 
aid of Equation (3-14), will be 


W, = 28.548 (3-- 15) 


where the product \S is incubic feet. Referring 
to Figures 3-10 and 3-11, there are several 
choices of core thickness, do/\ , that satioty 
the requirements used in obtaining Equation 








‘3-15). However, to simplfy the matter, let the 
cholce of d./\ be premised on the additional, 
but arbitrary, restriction that the polarization 
fe more nearly nernendiqular to the incidence 
plane than parallel; a value of do/A equal to 
0.460 would therefore appear to bea realistic 
choice, Since the curves are based upona 
parametric vaiue of d,/» equal to 0.024, the 
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constant phase curves 
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weight in pounds of the sandwich radome is ap- 
proximated by 


W. = 14.2,8 (2.18) 
x ‘ ’ 


For a conical radome having a length of 6 feet 
and an included angle of 30°, the surface area 
would be about 31 square feet. For a wavelength 
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of 0.1 foot, the weight of the solid radome would 
be approximately 88 pounds, or about 44 pounds 
heavier than the "A" sandwich radame. 


It would seem reasonable to investigate the 
possibility of using an "A" sandwich wall and 
to determine whether the attendant reduction in 
weight would be sufficient to offset the perfor- 
mance penalty resulting from the change in 
shape required to make the radome electrically 
satisfactory. The radome shape which was 
originally chosen solely on the basis of aircraft 
aerodynamic requirements should also be con- 
sidered as a function of the wall construction. 


It should be mentioned that although the pre- 
vious example was chosen principally for the 
purpose of Hlustrating the need for concurrence 
in radome shape and wall structure design, it is 


also representative of the type of problem 
encountered in radome design. 


One other facet governing the choice of radome 
shape is the ease with which the chosen shape 
londs itself lu aualysis, In the following sections 
of this chapter the problems associated with 
making theoretical determinations of the effects 
of the radome are discussed. After considering 
these problems, it becomes quite apparent that 
radome geometry, if properly chosen, can 
greatly simplify the analysis problem. In 
particular, it is especially helpful if both the 
radome and the antenna are figures of revolu- 
tion. Furthermore, it is also helpful if the 
shape of the radome is that of a conic section. 
However, the aspect of convenience in the choice 
of shape should not be considered fundamental 
to the design problem. 


SECTION D, INCIDENCE ANGLE STUDY 


3-11, Preliminary Considerations” 


Once the radome shape and wall construction 
have been tentatively chosen, the next design 
step is to undertake a preliminary evaluation of 
radome performance. To accomplish this it is 
necessary to have available design data, either 
experimental or theoretical, on the amplitude 
transmission properties (and phase also, if 
beam distortion is of interest) of thewall struc- 
ture being considered. If the wall structure is 
conventional, utilizing low-loss materials, then 
curves such us those shown in Figures 3-8 through 
3-11 will usually suffice. If the wall structure 
is not isotropic or homogeneous, then experl- 
mental curves of power transmission and in- 
sertion phase should be obtained as a function 
of sheet thickness, frequency, incidence angle, 
and polarization for plane sheet samples il- 
luminated with a plane wave front. (In making 
experimental measurements of the complex 
transmission coefficient of plane sheets, care 
must be exercised to insure that the wave front 
is sufficiently plane and the sheet is sufficiently 
large to minimize diffraction effects.) If the- 
oretical curves are used which are based on 
lussless dielectric material, an allowance must 
be made for losses. For half-wave or ''A" sand- 
wich radomes wit. wall materials having loss 
tangents of 0.02 01 less and where the maximum 
incidence angles are less than 50°, the reduction 
in power transmit.::¢ will be about 5 percent or 
less. (See Figures 2-9 and 2-18 through 2-21.) 


It should be carefuliv noted that the usefulness 
of the theoretical and experimental data on the 
transmission of plane waves through plane sheets 
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depends entirely on the approximation that the 
radius of curvature of the radome wall is large 
compared tothe wavelength ofthe incident field. 
When this ig true, it is reasonable to assume 
that each small area on the radome being il- 
luminated is essentially a plane sheet, Thus by 
relating the various incremental areas on the 
radome surface to the parameters of polariza- 
tion, frequency, and incidence angle it is pos- 
sible to choose a local wall thickness that will 
optimize the transmission properties for the 
particular area being considered, In many 
cases, however, an average uniform wall thick- 
ness can be chosen that will satisfy the design 
requirements over the whole radome surface 
for all antenna orientations, " 


Although simple inprinciple, the determination 
of the incidence angles andthe orientation of the 
polarization vector as a function of the relative 
position of the antenna with respect to the radome 
becomes quite complicated in detail due to an- 
tenna-radome geometry. Occasionally when 
the antenna beam is well collimated and the 
aperture is small {n comparison with the dia- 
meter of the radome, it is sufficient to consider 
the central »ay as being representative of the 
bundle of parallel rays. Thus each incremental 
area of radome surface has only a single inci- 
dence angleassociated with it, More frequently, 
it is necessary to consider the beam both in 
terms of its finite cross sectional area and its 
divergent properties. The latter consideration 
ig particularly important in incidence angle 
studies involving antennas having broad beams 
in at least one plane. The cosecant-squared 
pattern used for uniform ground illumination is 
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Figure 312. Radome Geometry, Analytic Case 


a good example of an antenna pattern that re- 
quires consideration of the beam’s divergent 
nature, 


It is convenient to divide radomes into two 
classes for purposes of making incidence angle 
studies. One classification refers toall radomes 
that can be studied by analytical means; the 
other, which unfortunately includes most ra- 
domes, refers to those requiring graphical meth- 
ods of attack, For convenience the former may 
be designated as analytic and the latter as non- 
analytic radomes. Actually the incidence angle 
study of any radome problem could probably be 
handled either analytically or graphically; how- 
ever, when the radome is a figure of revolution, 
and particularly when its contour is a conic 
section, analytical methods of computing inci- 
dence angles are quite convenient. For the 
rhore general case where the radome contour is 
described in terms of loft lines (curves formed 
by the intersection between a family of parallel, 
arbitrarily spaced planes and the surface of a 
geometrical figure of interest), graphical meth- 
ods are usually more convenient. It might be 
noted that although the lofting contoura may not 
be given exactly in terms of analytic functions, 
they can, through Se eae techniques” be 
representedanalytically, Thusit {s occasionally 
worthwhile to obtain an approximate analytic 
representation to a lofted radome, particularly 
if it is easily represented in terms of simple 
functions, 
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3-12. Analytical Determination of Incidence 
Angles 


As an example of the procedure to be followed 
in making an analytical determination of inci- 
dence angles, consider the radome depicted by 
Figure 8-12, Let the surface be represented by 


F(x,y,z) = 0 (3-17) 


and let the origin of the x~, y-, z-coordinate 
frame be coincident with the origin of the x;-, 
Yi-, Zy-frame. Furthermore it will be assumed 
that the antenna is a circle whose axis of sym- 
metry is the zy-axis and whose aperture is in 
the plane x,-y;, that the direction of propagation 
of the radiated fleld is defined bythe unit vector 
p, and that 


P= iz, (3-18) 


where i,, is a unit vector parallel to the z;-axis, 
In other words it is assumed that the antenna 
aperture is large and produces 2. well-collimated 
beam circular in cross section and propagating 
in a direction normal to the aperture, If the 
radiation from the aperture ig assumed to be 
divergent ag in the case of a shaped beam an- 
tenna,more recondite methods of analysis must 
be used,* 


* See Section 8.14, p. 464, of Reference 3, 


Since the radome {sg assumed to be a figure of 
revolution, the coordinates ofa point on its sur- 
face satiafy the relation 


B22 (3 -y) = Zz (r) 


where r is the normal distance frem a point on 
the surface to the z-axis, and 


F(x,y,z)=2-2 ( jx? sy?) =9 (9-20) 


For example, if the radorne surface ig conical. 
2 ye 


(3-19) 


z=m /x*+y*+b=mreb (3-21) 
F (x,y,z) =2-m (xt sy2sbuo (3-22) 


Because of the symmetry of the radome and 
the antenna, there is no preferred plane in which 
to rotate the antenna with respect tothe radome. 
The orientation of the polarization of the field 
{ga normally constant with respect to one of the 
antenna gimbal axes; therefore, if only one axis 
of antenna rotation is assumed, it is necessary 
and sufficient to investigate the behavior of the 
radome as a function of both antenna rotation 
and polarization. 


et the single axis of antenna rotation be the 
yy axis, Hence : 
y,=Y (3-28) 
and 
(3~24) 
where ix and ly are unit vectors parallel, res- 


pectively, tothe x= andy-axes, anda ia theangle 
between the 2) and z-axes, 


B=1, sina +1, cos a 


Now the incidence angle ¢, on an incremental 


element of radome of surface 4S having position - 


coordinates x, y, and z, is defined by 


0 = cos" (n+ p) (3-26) 
where n is the outward directed unit normal 
vector to the surface at(x, y, z). The unjt vector 
n hag its direction defined by the gradient of the 
surface function F (x, y, 2), which ia given by 
Equation (3-20), Hence 


VF (x,y, 2) (3-2 
a ENS ~26 
|v Fl 
If Equation (3-26) is expanded in terms of its 
rectangular components, then by substitution 
the expression for 6 may be written ag 


n 


at 


oz 
-~-—sina+cosa 
ox 


Thus by solving the right side of Equation 
(3-27) it is possible to determine the incidence 
angle at a specific point (x, y, z) on the surface 
aga function of the angular position a of the 
antenna, However, Equation (3-27) does not 
reoieici Ue incidence ages to Ouly Chose that 
actually occur when the point of interest is being 
illuminated by the antenna. This latter restric- 
tion Can be obtained for the case of a noadiver- 
gent beam by solving both x and y explicitly in 
terms of xj and yj and substituting the resultant 
expressions for x andy into Equation (3-27). 


To recapitulate, in Equation (3-27), the inci- 
dence angle 6 is expreased as a function of the 
coordinates of a point on the radome surface 
(x, y) and the antenna orientation angle a. The 
z-dependence waa eliminated by Equation (3-20), 
which merely requires that the point Ie on the 
radome surface. Now we wish to express ¢ as 
2 function of the antent~ aperture coordinates 
(xj, yy) and the orlentation anglea. From the 
geometry of Figure 3-12 


x =z tana +X; Seca (3-28) 


and 
yey; (3-29) 


The specific radome shape, as defined by 
Equation (3-20), is substituted for z In Equation 
(3-28), The resulting equation for x and Equa- 
tion (3-29) for y are substituted into Equation 
(3-27), In this manner, the incidence angle 
may be expressed ag 


6 = 6 (a, xy, yy) (3430) 


By tabulating ¢ for alk values of x; and yy as 
limited by the boundary of the antenna, the in- 
cidence angles may be determined for all values 
ofa of interest, Again it should be emphasized 
that the above comments are limited by the re- 
strictive assumptions stated in connection with 
Equation (3-18), 


An alternate method for arriving at Equation 
(3-30) proceeds as follows: From Equation 
(3-20) 


F(x,y,z) 22-2 ( x2 4 yt). 0 (3-31) 

From Figure 3-12, 
X= X(Xj, 2,0) =x, cos a+zj,sina (3-32) 
yyy (3-33) 


z=2(Xi, Zi,a)=-xysina+2;C0S q (3-34) 








Substituting Equations (3-32), (3-33), and 
(3-34) Into Equation (3-20) yields 


Fy(xj, yj, 24, 2) = 0 (3-35) 


which dofincs the raddine slape iu ite antenna 


coordinates (xj, yy, 24). As in Equation (3-26), 


- VF 
Ko 3-36 
| (3-96) 
Then 
cosé=n+p (3-37) 


which is a function of xj, yj, 24, and a, but the 
z,-dependence is eliminated by using Equation 
(3-35), The result is Equation (3-30). 


Since any generai form of elliptical polarization 
can be repregented by two linear components 
orthogonal in space, it willbe sufficient todem- 
onstrate the procedure in terms of a single 
linear component polarization normal to the 
propagation vector p. If e is defined by 


@= ix, cos @ + ly, sin ¢ (3-38) 
where dx, and iy, areunit vectors parallel, re~ 
spectively, to the Xj and Yj axes, and» is the 
angle between e and ix,, it is then possible to 
simulate with a single axis of antenna rotation 
all the relative radome and antenna positions 
that would be obtained using two axes of rotation 
with fixed polarization, 


Transmission. If .it is desired to determine 
the transmission through an incremental area, 
4 &, it is necessary to know the angle ¢ the 
polarization vector makes with the incidence 
plane as well ag the incidence angle 4. The 
incidence plane is defined as the plane containing 
the vectora n and p. Let i) and 4, be unit 
vectors (both perpendicular +7 p) parallel and 
perpendicular respectively to Pine incidence 
plane, as shown in Figure 3-13, Also refer to 
Figures 2-1, 2-2, and 2-24 of Chapter 2. Thus 


a pxrn n - 
"tina ions) 
and 
dy Px dy (3-40): 


As discussed in Equation (2-84, of Chapter 2, 
the transmitted electric {field may be resolved 
into its parallel and perpendicular components 


aa 
Bes Ee ta + Bey Ay (8-41) 


TBs Ty Buy ty (8-42) 
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Figure 3-13, Vector Relationships at Radome Surface 


For the case of an incident wave linearly po- 
larized at an angle £ with respect to the inci- 
dence plane, the effective complex transmission 
coefficientia given by Equation (2-91) of Chapter 
2 aa 


Tg = Ty cos? é + Ty gin? ¢ (3-43) 


A good approximation to the over-all trans- 
mission properties of the radome can be ob- 
tained by simply summing the product | T, E | 
over x; and y; for all valuesof a anddividing by 


the sum of |E,|. Hence, if T* isthe approximate 
power trangm saion, then 


T2 (a) T%(a) a 


f f | (3-44) 
va Job | To(a, xp yi) ByQxyys) | dx, dy; 


a rb 
Si Sv bs, ¥,) | dx, dy; 


where a and b are the extremities of the antenna 
aperture. It should pe emphasized that the ex- 
pression given for T?2 (a) in Equation (3-44) is 
only a first approximation to radome trans- 
mission efficiency, and ag such is not intended 
for use in problema where beam distortion is 
being calculated. Methods of predicting the 
latter phenomena are discussed in detail in 
Chapter 4. 


The analytical methods that have been pre- 
sented, although relatively simple in principle, 
are not always so in practice, For instance, if 
the contour of the radome is an ogive where 


2 


Fix,y,z) = (2-c)®+(r-d)*-R*=0 (3-45) 


wee 


then 
2eVr?- (Fev? - dl? +c (2.48) 


where r = je + ye ig the radius at the axial 
station point z, and where c, d, and R are con- 
stants of the ogive. Equations for other shapes 
are given in Section G of Chapter 2. 


If the right side of Equation (3-48) is substi- 
tutued into Equation (3-28), the resultant ex- 
preasion is a quartic equation in x. Although it 
is possible to determine which of the four roots 
of x are the proper ones to use in an analytical 
calculation of the incidence angles, the com- 
plexity of such a calculation argues in favor of 
utilizing gimpler and more direct graphical 
methods. This ia particularly true in problems 
where neither the radome nor the antenna has 
axial symmetry, 


3-13, Graphical Determination of Incidence 
Angles 


The simplicity of most graphical methods of 
analysis is dependent upon being able to relate 
conveniently the incidence angle to its projec- 
tion on two perpendicular planes. In Figure 3-14 
the direction of propagation of a ray 1s denoted 
by the vector B and the incidence angle ¢ is, 
by definition, the angle between the normal to 
the surface n and the propagation direction p. 
Now two perpendicular planes have been joined 
along the vector p. These are designated planes 
VP and HP, and the angles between p and the 
projections of n on each of the planes are de- 
signated as 6y and Oy, respectively, In ad- 
dition, the polarization vector e in the plane 
HV is relatedto the V axisby the angle¢. Also 
shown is the vector ye which is located along 





Figure 3-14. lacidence Angle Projections 
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the intersection of the incidence plane and plane 
HV. From the geometry of Figure 3-14 
tan? = tantoy+tantoy (3-477) 


Ifo is the angle between Ay and the V axis, 
then 





tan On = tan @ sina (3-48) 
and 
tané,, =tané@ cosa (3-49) 
or 
tan ogy 
tana > ian By (3-50) 


The planes HP and VP are representative of 
two families of planes that may be related to 
the antenna. Since many search radar antennaa 
are gimbaled in azimuth about a vertical axis, 
it is convenient to subdivide the antenna aper- 
ture with a number of equally spaced parallel 
planes that are perpendicular to the antenna 
aperture and parallel to the vertical azimuth 
axis. In (a) of Figure 3-15 an edge view of such 
a family of planes is shown where the planes 
are designated as AA, BB, etc. An edge view of 
the other family of planes is shown in (b) of 
Figure 3-15, 


The latter family has planes designated aa aa, 
L*, etc., and these planes have been chosen on 
the basis ofa ray diagram of the antenna, Thus, 
all the directions of propagation of rays ema- 
natingfrom the antenna aperture are represented 
by the lines of intersection of the two families 
of planes. Thus, the plane VP of Figure 3-14 
corresponds to any one of the planes E'E' 
through EE, and the plane HP corresponds to 
any one of the planes aa through gg. Thus, in 
view of Equations (3-48) through (3-50), it 
should be possible to determine the incidence 
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Figure 3-15. Elevation ond Oblique Planes of 
Antenna: (a) Edge View of Elevetion Planes; 
{b) Edge View of Obliq ve Planes 


angle “ and the relative orientation of the po- 
larization vector, with respect to the incidence 
plane, by graphically determining ¢, and éy. 


The angles (gq and oy may bedetermined with 
aid of radems ict iines similar to those shown 
in the sketches of Figure 3-16. Two views of 
the vertical radome and antenna cutting planes 
are shown in Figure 3-16. For the case of air- 
craft radomes the loft lines produced by the 
vertical cutting planea arc usually referred to 
as buttock lines, and the loft Itnes resulting 
from horizontal cutting planes are called water 
lines, Both are usually available on drawings 
of aircraft radomes; however, to avoid confusion, 
only the buttock lines are shown in Figure 3-16, 
The edge view of the cutting planes is shown in 
(a), and (b) represents the buttock lines of in- 
tergection made by the radome cutting planes 0 
through 8 andthe representative antenna cutting 
planes E'E', AA,andEE, The latter are shown 
obliquely in (b) of Figure 3-16; hence, to deter- 
mine the projection angle @y, true views of these 
planes must be obtained by combining true 
measurements of length in horizontal planes as 


(a) 


(b) 


measured from (a) with true lengths in vertical 
planes as measured in (b). 


To obtain the true views, horizents! cuiiing 
Planes are constructed which pass through the 
antenna aperture and through the points on the 
radome where the buttock Hnes of the radume 


intersect the vertical antenna cutting plane of 


interest, for example, plane AA, Assuming that 
the vertical position of the antenna within the 
radome is known, it is possible to determine 
where the horizontal cutting planes intersect the 
antenna aperture by constructing the cutting 
planes as horizontal lines on a view such ag (b) 
of Figure 3-16. For the construction of a true 
view of a vertical antenna cutting plane, the 
horizontal lines are then chosen so as to pass 
through the points where the vertical antenna 
cutting plane intersects the buttock lines. Once 
the pointa on the aperture intersected by the 
horizontal cutting planes have been established, 
the true view of the intersection of a vertical 
antenna cutting plane withthe radome surface is 
constructed by projecting lines perpendicular to 
the edge view of the antenna aperture at each of 





Figure 3-16. Redome Loft Lines, Vertical Cutting Planes: {a) Edge View of Vertical Cutting Planes; 
(6) Vertical Cutting Plane Contours 
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Figure 3.17, 





: (b) 


Profected Incidencs Angles: (a) Twe View of Vertical Antenna Cutting Plenes; (b) Twe 


View of Oblique Cutting Plane Contows 


the points at which the aperture is intersected 
by the horizontal cutting planes, For this pur- 
pose a view of the antenna suchas that shown 
in (b) of Figure 3-15 is used, where the dashed 
line {gs arbitrarily chosen ag the effective aper- 
ture, The same aperture is shcwn again in (a) 
of Figure 3-17 as the solid line from which the 
oblique antenna cutting planes aa, cc, etc., are 
emanating. Now each line perpendicular to the 


aperture corresponds to the line cf intersection: 


becween the vertical cutting plane of interest 
and a horizontal cutting plane that intersects a 
particular buttock line. Hence all the lines lie 
in the vertical cutting plane and each Line inter ~ 
sects aparticular buttock line. Thus by locating 
the points of intersection of each line with ite 
respective buttock line, the locus of points of the 
curve of intersection between the radome sur- 
face and the vertical cutting plane is obtained. 
The points at which the Mnes intersect the 
radome are found by measuring the distance 
from antenna aperture to the radome surface. 
Since each line is in a horizontal plane, and each 
ne intersects a particular buttock line on the 
surface, the distances are obtainable directly 
from a view such as that shown in (a) of Figure 
3-16, In that figure, these distances are meas- 
ured fromthe aperture to the respective buttock 
line along the line which represents an edge view 
of the particular vertical antenna cutting plane 
under consideration; thus, if plane AA is being 
developed into a true view, measurements of 
length would be made from Line E'AE along 
line AA to its intersection with lines 4, 3, 2, 1, 
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and. In (a) of Figure 3-37 true views of 
planes E'E', AA, and EE are shown super- 
imposed on an edge view of the antenna and 
its associated ray diagram. The construction 
used in their development is not shown because 
of the complexity of lines which would result; 
however, the construction linvg along which the 
distances are measured would be perpendicular 
to the golid line from which the rays originate. 


Once the true views, ag shown in (a) of Figure 
3-17, are developed and superimposed on the 
antenna ray diagram, the vertical projection 
angles oy may be obtained directly by erecting 
hormals to the contours E'E', AA, and EE at 
the points of intersection with the planes aa 
through gg. 


To determine the angles dé 4 true views of the 
oblique antenna cutting planes aa through gg are 
obtained directly from a view such aa (a) of 
Figure 3-17 by measuring true lengths along 
aa, ce, etc., from a fixed reference point out to 
the point of intersection with the contoura E' 
E', AA, etc, Then by constructing a view such 
as (b) of Figure 3-17 where planes E'E', AA, 
otc.are shown as an edge view, the true lengths 
from the reference line are measured from 
line E'A*, along lines E'E', AA, etc. Thus by 
connecting the locus of points for aa, cc, etc., 
true viewa ofthe curves of intersection between 
the radome and the planes aa, cc, etc., are ob- 
tained. Note that when measuring distances 
along aa, cc, etc., in (a) of Figure 3-17 to their 
respective intersections with E'E’, AA, ete., 





+ 


it is not necessary that the reference point lie 
on the antenna aperture. All that is required is 
that for any one plane, such as aa, the same 
point be used to reference measurements out to 
E'E', ‘AA, etc. After the contours aa, cc, etc., 
are obtained it ig a simple matter to construct 
normals tothem atthe points of intersection with 
the planes AA, eic., as shown 1n(b) ol Figure 3-17. 


When v y andy, have been found by these 
graphical methods, the truo incidence angle «i 
may then be obtained with the aid of Equation 
(3-47), and the angle « which the incidence 


& = vertical camponent of the incident angie 


plane makes with the vertical plane VP may be 
found with the aid of Equation (3-50). Thus if 
the angle . which the polarization vector ¢ 
makes with the vertical plane VP is known, it is 
possible to resolve the polarization vectur e 
into components which are parallel and perpen- 
dicular to the incidence plane. Thetransmission 
of these components can then be easily treated 
and the resultant wave can be reconstructed as 
it emerges from the radome wall. 


As anaid inthe computation of / and «a, Figure 
3-18 has been prepared, Values for » anda can 





8,4: oblique component of the incident ongle 


@ + true incident angle 


a ' angle between veriical piune and incidence plone 
Figure 3-18. Reletive Pelerization and incidence Angle Components Chert 
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if 


be obtained from it directly if ey; and ¢y are 
known, 


It might be noted that usually itis sufficient to 
make an incidence angle study at only the critical 
positions of the antenna, which normally can be 
determined in advance. Hence the average in- 


cidence angle study for anonstreamlined radome 
may require investigation of only one or two 


walnéglua nanitinan nf tha antanan wlth mannnnd ta 
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the rz lome. However, where high performance 
requirements exist, it is usually necessary to 
consider all possible antenna-radume orienta- 
tions, 


SECTION E. WALL THICKNESS 


3-14. Optimum Data Presentation 


The final step inthe design procedure is the 
determination of the thickness of the radome 
wall, For normal-incidence radomes it is 
usually sufficient to choose a wall of uniform 
thickness. For more complicated design prob- 
lems where beam bending and high incidence 
anglus are considerations, it is frequently 
necessary to vary the thickness of the wall over 
the surface of the radome, Since the ultimate 
design criterion is high trangmission with a 
minimuni of beain distortion, the ideal wall de- 
sign would be one that provides 100 percent 
transmission and constant {nsertion phase for 
all incidence angles and all polarizations at all 
frequencies; thus, it is convenient to examine 
the electrical behavior of various wall construc- 
tions as a function of incidence angle, polariza- 
tion, and frequency. Curves that present such 
information were given in Figures 3-8 through 
3-11 for wu solid wall having a relative dielectric 
constant «y of 4.0 and for an ''A' sandwich wall 
having a normalized skin thickness to wave- 
length ratio dg/A of 0,024, a relative skin di- 
electric constant « g of 4.3, anda relative core 
dielectric constant €¢ of 1.2. 


Curves of this goneral type, where normalized 
wull thickness is plotted as a function of inci- 
dence angle for cunstant values of transmission 
and insertion phase, are particularly useful in 
wall thickness design problems involving vari- 
able-thickness walls, In the case of sandwich 
walls, either the skias or the core, or both, 
could be varied in thickness; however, from the 
standpoint of fabricating a foamed-in-place "A" 
sandwich radome® it is most convenient to vary 
the core thickness, keeping the thickness of the 
skins constant. 


Another method of presenting theoretical data 
for design problems involving uniquely polarized 
antenna systems is presented in Figure 3-19, 


Thetransmission coeificiant To, is plotted asa 
function of incidence angle / for various values 

* Reference foamed-in-place construction in 
paragraph 8-26, 
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of norraalized wall thickness d/a. The curves 
of Figure 3-19 were calculated for the case of a 
circularly polarized, homogeneous plane wave 
of wavelength \ traversing a homogeneous, 
tsotropic, .ossless plane gheet having a relative 
dielectric constant of 4,0, unity relative perme- 
abliity, anda normal thickness d. The trans- 
mission coefficient Ty is the voltage amplitude 
of the transmitied circularly polarized wave 
which has the same sense of rotation as tle in- 
cident wave, In terms of the complex trans- 
mission coefficents ‘Tj and T of a linearly 
polarized wave : 


Data of the form shown in Figure 3-19 are 
useful in determining what the transmission 
characteristics would be for a constant thick- 
ness wall over the range of incidance angles of 
interest, It is also quite convenient to have 
transmission and phase information fur the 
specific polarization that is being considered; 
however, it is seldom feasible to calculate a 
whole family of special phase and transmission 
coefficients just for a single radome design 
problem, 


For design problems where bandwidth and di- 
electric constant variations are considerations, 
stil! another method of presenting data is shown 
in the curves of Figure 3-20. In this figure the 
insertion phase 4 has been plotted as a function 
ofthe incidence angle ¢ for the cases of parallel 
and perper.dicular polarization of a linearly 
polarized wave traversing sclid, lossless di- 
electric sheets having relative dielectric con- 
stants ¢) of 1,02,1.50 and 4,00.*% The thick. 
ness of each sheet was chosen so that. is 
equal to 7whené equals 50° (half-wave wall 
at 509). This last family of curves io use- 
ful in illustrating the effect of changes in di- 
slectric constant on insertion phage; in fact, 
one very important aspect of radome design is 
made cbvious, that is, a low-dielectric-constant 
wall reduces the variation of insertion phase 
with polarization. The fact that inserticn phase 





* See Equation (2-53) in Chapter 2. 
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Figure 3-19. Transmission Coefficient Versus Incidence Angle Curves 


is a function of polarization is quite important 
in the design of radomes having stringent re- 
quirements on beam refraction errors. Usually 
in such designsthe major problem is one of de- 
signing 4 compromise wall structure that sat- 
isfies the restrictions on beam deflectiuns for 
both polarizations. When both polarizations 
bekave in neariy the same fashion, the design 
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requirements for the two cases are more 
compatible. 


Sometimes experimer.tal data on the phase and 
transmission coefficients of sample test panels 
are required. This is particularly true for 
unique wall constructions that exhibit inhomo- 
geneous or anisotropic properties. In general, 
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t if honeycomb cores are being used in high- 
incidence-angls anniicationa, it ia usually ad- 
visable to make up test samples of the wall 
structures being considered. By conducting 
free space tranamission tests the data can be 
pres nted ina fashion similar to that employed 
1 in the curves of Figures 3-19 and 3-20. 


3-15. Case i: Thin Wall, Uniform Thickness 
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From Equation (2-47) of Chapter 2, it may be 
shown that 


(1 - 2)? 


2. 
r 22 2 2 
(l-r°)"+44r" sin” $ 


(3-52) 


where 


2 —————_— 
gs i ¢, - sin’ 6 (3-53) 
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¢ = electrical’ thickness in radians at an 


arbitrary angle, 
For the case of a thin wall, such that 
gf asin gd (3-54) 


Equation (3-52) may be solved for d to yieid 





d2~ (1 - T?) (1 ~ r2)2. 92 
T2 Libr? 7” (ec, - sinta)} (3-55) 


When the required power transmission is 
known, the maximum allowable thickness can 
be calculated for any incidence angle and 
polarization, In general, for the case of per- 
pendicuiar polarization, as the incidence angle 
increases the allowable maximum wall thickness 
must be decreased; however, for the case of 
parallel polarization, the presence of Brewster’s 
angle, @p, permits 100 percent transmission 
for a lossless sheet of any thickness d when 
the incidence angle vu equals Oy where 


Oy = tan fer 


In Equation (3-56),as before, <; is the dielec- 
tric constant of the sheet relative to the sur- 
rounding mediur, 


3-16. Case Ui: Half-Wave Wall, Uniform 
Thickness 


(3-56) 


In many transmission design problems, where 
the range of incidence angles is small and the 
transmission requiremenis are not too stringent, 
it is possible to choose a single wall thickness 
on the basis of the criterion that the proper 
thickness is the one that will maximize the 
minimum value of transmission coefficient at 
any incidence angle in the range of angles of 
interest. In terms of the reflection coefficient, 
the optimum wall thickness isthe one that mini- 
mizes the maximum reflection coefficient that 
occurs at any angle of incidence in the range of 
interest. As an example of the application of 
the criterion, consider the case of a radome 
having a range of incidence angles varying from 
15 to 65° for perpendicular polarization. For 
polarization parallel to the incidence plane, 
the game approximate maximum value of reflec- 
tion coefficlentis obtained, but only at incidence 
angles near 15°, At the large incidence angles 
the reflections have been reduced because of 
Brewster's angle. In using curves for the foss- 
less case,it is well to remember that the effect 
of !cgs, although smail in lossless dielectrics 
at near normal incidence, becomes increasingly 
{Important as the incidence angle is increased 
(see Chapter 2). 


3-17. Case I: Hali-Wave Wall, Non-Uniform 
Thickness 


Although unifo.m-thickness walls are satis- 
factory for the majority of search radomes, 
sometimes the restrictions on electrical per- 
formance make it desirable to vary the wall 
thickness of the radome as a tunction of posi- 
tion on the radome surface. The simplest case 
to consider is the one where the radome is a 
figure of revolution. If the antenna is roll 
stabilized, variations in wa)! thickness are re- 
stricted to the axial direction. When the 
enclosed antenna is not roll stabilized, it may 
be helpful to vary the wall thickness circum- 
ferentially. In this case, the need for variation 
in the circumferential direction stems from the 
fact that when the antenna axes are fixed with 
respect to the radome the polarization usually 
remains the same with respect to horizontal 
and vertical reference planes within the radome. 


As noted earlier, the first-order theoretical 
contours of zero reflection are the same for 
both polarizations (see Figures 3-8 and 3-9). 
Therefore, it might be expected that at each 
point on the radome the thickness could be ad- 
justed to provide a theoretical 100 percent 
transmission for both polarizations; actually, 
sucha procedure could be followed ifthe antenna 
beam were a single ray. However, the cross © 
sec‘ional area of the beam generally is of the 
same order of magnitude as the radome surface 
area; hence any point on the surface of the 
radome is illuminated for more than one posi- 
tion of the antenna with respect to the radome. 
In general, therefore, there will be a whole 
family of incidence angles associated with 
each surface point. To determine the proper 
thickness at a point, the incidence angles as- 
sociated with the point must be weighted rela- 
tive to each other. One method that can be used 
when the antenna is a paraboloid of revolution 
is to base the design thickness on the incidence 
angle made by the central ray of the antenna. 
Such a choice presupposes that the range of 
incidence angles is centered about the angle 
made by the central ray. Also, it assumes that 
the power density of the radiated fieldis greatest 
in the direction of the central ray, 


When the enclosed antenna is a cylindrical 
section of a paraboloid of the type commonly 
used for uniform ground illumination, the wall 
thickness may be determined on the bagis of 
optimizing the transmission for the range of 
incidence angles existing when only the raya in 


.the central or symmetry plane of the antenna 
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are considered. However, for «a shaped beam 
or cosecant-squared antenna there is no simple 
criterion of weighting, such as choosing the 
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center rayas being representative, Fortunately, 
in most practical problems the range of inci- 
dence angles associated with a particular point 
on the radome surface is small enough so that 
« oplugie Uuchness can ve determined tiut 
satisfies all of the incidence angles. 


Tn cases where the geumetry of the radume 
yields to analytical methods, the radome wall 
thickness d, which satisfies the criterion of 
optimum transmission, can be expressed in 
terms of the radome surface coordinates x, y, 
and z, Consider, for example, the case of an 
axially symmetric radome whose geometry is 
similar to that shown in Figure 3-12, In Section 
D of this chapter itwas shownthat the incidence 
angle 9 could be related to the antenna offset 
angle a, and a particular antenna ray denoted 
by xj and y;, as in Equation (3-30). 


Thus, by choosingthe ray of maximum interost, 
such ag the central ray where x; and y; equal 
zero, the angle @ may be expressed as 


@ = @ (a) (3-67) 


But with the aid of Equations (3-19), (3-28), 
and(3-29),o may be solved for explicitly as a 
function of z, Hence, if Equation (3-53) is solved 
for d when ¢ equals 7, then 
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One problem which arises frequently in the 
calculation of radome wall thickness is whether 
the inner or outer surface of the radome wall 
should be used in catculating incidence angles. 
Usually the outer surface of the radome is 
specified; however, in calculating incidence 
angles by the methods outlined in Section D, 
smalierrorg canarise due to the finite thickness 
and the curvature of the wall, In general, the 
errors caused by calculating the inner surface 
incidence angles in terms of the outer surface 
are small in comparison with errors that re- 
sult from such assumptions ag the treatment of 
incremental elements on the radome surface 
and on the wave front of the antenna as being 
planar. 


(3-58) 


So far only the problem of choosing a wall 
thickness for optimum transmission has been 
considered, and therefore many of the problems, 
such ag the dependence of insertion phase and 
transmission on polarization, have been tacitly 
avoided, When it is necessary to conelder in- 
sertion phase effects the difficulty of deter- 
mining the correct wall thickness is greatly 
enhanced, Since beam refraction design prob- 
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lems are treated in considerable detail in 
Chapter 4, it will suffice now to consider only 
some of the qualitative aspects of the problem, 
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Insertion phase becomes an important consi- 
deration in problems where beam distortion and 
refraction are critical. The effect of insertion 
phase on the antenna heam is in general quite 
complicated. If, sowever, a uniform variation 
of phase is produced across the beam as it 
traverses the radome wall, the antenna beam 
will be refracted in a manner very similar to 
that of light refracted by a prism — with one 
significant difference. In the cage of the prism, 
the uniform variation in insertion phase across 
the beam results from the uniform thickness 
taper of the prism, whereas for the radome the 
variation in phage is due to the variation in the 
angles of incidence arrogg the radome surface 
being illuminated. If the curvature of the 
radome is small, the effects of insertion phase 
are minimized. It was pointed out previously 
that a spherical radome, large with respect to 
the antenna, simpilfied radome design. The 
choice of the sphere was obvious from sym- 
metry considerations, but the requirement for 
the sphere to be large with respect to the an- 
tenna was based on minimizing the variations 
in incidence angle. It should be noted that, when 
the insertion phase 4is expressed as a power 
series of position x within a beam originally 
symmetrical with respect to x, then 


A = Ag+ zi Ay x! (3-59) 


Now, the even terms of the series produce 
symmetrical beam distortion effects, such as 
widening of the main beam and changes in the 
side lobe levels. The odd terms result ina- 
asymmetrical effects, such ag beam bending. 


One method of minimizing insertion phase 
effects is to vary the wall thickness, as a func- 
tion of incidence angle, so as to maintain constant 
insertion phage over the whole wave front. This 
requirement differs from those outlined for 
transmission design in that it is necessary to 
consider the phase effect at a point on the sur- 
face relative to other illuminated points for all 
positions of the antenna that illuminate the point 
of interest. Thus, in addition to knowing at! 
the incidence angles and polarizations asaoc iain: 
witha single point,as in the cage oftrdnsy ‘».:; 
design, it is also necessary to know the liwe>.. 
tion phase at one point relative to the phase at 
all other points being illuminated at the same 
time. The problem is therefore one of making 


the design thickness, which is required ata 
single point for one position of the antenna, 
compatible with the requirements for the other 
positions of the antenna, except that the thick- 
ness at any point is also a function of the thick- 
ness at tne surrounding points. Since the solu- 
tion to the insertion phase problem (that is, the 
proper design thickness at any arbitrary point) 
requires a knowledge of the insertion phase 
produced by surrounding points, about the only 
design procedure is one of synthesis by analysis, 
or ag it 18 more commonly referred to, ''cut 
and try," 


Inmany search radome problems requirements 
on beam distortion are limited to a small range 
of antenna offset angles. When such is the case 
it ia usually feasible to design for uniform in- 
sertion phage in the area illuminated when the 
antenna occupies the central or some other 
properly weighted position within the range of 
interest. Then the design thickness of adjacent 
areas can be matched to the central area so as 
to maintain a uniform phase front asthe antenna 
is moved angularly away from the central posi- 
tion, The same procedure may be extended to 
the whole radome surface; however, unless the 
geometry is relatively simple, the experimental 
methods of design discussed in Chapter 4 are 
to be preferred. 


The same design techniques as those discussed 
for the uniform-thickness solid wall may be 
used for “A sandwich walls. As was the case 
for the solid wall, curves of constant trans- 
mission and insertion phase similar to those of 
Figures J~10 and 3-llare very helpful in deter- 
mining the proper design thickness. One major 
difference betweenthe solid-wall! design and the 
sandwich wall design techniques may be noted 
by comparing the curves of Figures 3-8 and 3-9 
with those of Figures 3-10 and 3-11, For the 
sandwich construction, the zero percentage re- 
flection contours are not identical for the two 
polarizations, Whereas the contours are identical 
for the lossless solid wall. Moreover, at high 
incidence angles (60° or greater), sandwich wall 
construction is a poor transmitter of parallel 
polarization; hence, in very streamlined radomes 
where yarallel polarization is encountered, the 
use of sandwich walls is to be avoided, For 
incidence angles below 60° symmetrical sand- 
wich constructions, can be designed to provide 
excellent transmission over a broad band of 
frequencies.* For the "A" sandwich, the trans- 





* See pp 306-338 of Reference 9 for a detailed 
treatment of sandwich walls, 


mission ia very much a function of the thickness 
of the skins. Figures 3-21] and 3-22 are constant 
transmission and insertion phase contours simi- 
lar to thoge of Figures 3-10 and 3-11, except 
that the normalized akin thickness raiin di /. 
equals 0.055 insteadof 0.024, It should be noted 
that, as the thickness of the skins is reduced 
(as shown in Figures 3-10 and 3-11), the range 
of core thicknesses and the range of incidence 
angles for which good trangmiosion can be ob- 
tained is increased, except that for parallel 
polarization at incidence angles above 60° the 
transmission continues to drop off rapidly. 


Occasionally in the design of sandwich radomes 
having honeycomb cores or other cores held in 
place by foreign adhesive materials, It is uec- 
essary to consider the effect of the adhesive. 
Normally the electrical effect of the adhesive ts 
accounted for by considering the effective thick- 
ness of the skin to be the total thickness of skin 
plus adhesive, since in general the dielectric 
constant of the adhesive is lesa than or equal to 
the dielectric of the skins. If the dielectric 
constant of the adhesive is very much greater 
thanthat of the skins, the adhesive layers should 
be treated as layers in a multiple sandwich." 
The same procedure may be used for rain 
erosion coatings, 


3-20, Case V: Sandwich Wall, Non-Uniform 
Thickness 


The problem of designing nonuniform sandwich 
walls ig most meaningful in terms of "A" sand- 
wich walls havnyg a variable thickness core, 
As was the case for the solid wall radome, ta- 
pering the wall thickness permits uniform trangs- 
mission ag a function of antenna position even 
though the incidence angles change. In the case 
of a sandwich radome a different wall thickness 
taper is requiredfor perpendicular polarization 
than i8 required for parallel polarization. 
Furthermore, a tapered wall affords only a 
small improvement over a uniform thickness 
wail when the polarization is parallel to the in- 
cidence plane(see Figures 3-11 and 3-22), Only 
when the polarization remains perpendicular to 
the incidence plane can a significant improve- 
ment in transmission be achieved by tapering 
the wall; when this is done, the method js es- 
sentially the same ag that employed for tapering 
a solid wall radome. 


The real advantages in using tapered core "A" 
sandwich walls accrue when it is necessary to 
maintain uniform insertion phase across the 


i 
' 





i 
*See Chapter 2 for methods of computing trans- 
mission through complex sandwich structures, 
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thickness sf the core in normalized units 


dg f= 


core core Skin skin 
dielectrie constant dielectric loss tangent dielectric constant di¢lectric lass tangent 
12 0.004 4.3 0.014 
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antenna wave front, or when it is desired to re- 
duce the rate of change* of beam refraction as 
# function of antenna position. For these prob. 
{Gino ii is possipte to vary the core thickness 
over a considerable range without adversely 


SECTION F. 


There is much tobe said in favor of integrating 
the design of radomes and antennas, at least to 
the extent that antenna and radome designers 
are familiar with each other's problems. For 
example, when the designer of the antenna is 
requested to provide a shaped beam for a spe- 
cific function, he should have data on where the 
antenna will be mounted in the aircraft, the 
shape of radome the aexrodynamicist will allow, 
and shape desired by the radome designer, In 
turn the radome designer should be familiar 
with the functional requirements of the radar 
and the relationship of such requirements to the 
radome design specifications. A mutual under~ 
standing of the antenna and radome problems 
will eliminate most of the incompatible aspects 
of the respective design problems. 


*See Chapter 4 fora discussion of error rates. 


affecting the transmission characteristics, par- 
ticularly when the radome skins are relatively 
thin, ac they are fur the case shown in Figures 


3-21 and 3-22. 


INTEGRATED ANTENNA-RADOME DESIGN 


Even if antenna and radome problems ire 
semi-independent, the near field of the antenna 
is common to both, and it is in terms of pro- 
viding detailed information onthe near field that 
the antenna designer can make a direct contri- 
bution to simplifying radome design, Actually, 
by considering the near-field structure of the 
antenna, the design of the antenna can be sim- 
plified as well. The design of precision radomes 
is already very much dependent onan accurate 
knowledge ofthe near field and much specialized 
test equipment* has been developed to measure 
it. Thus, by utilizing the same procedures of 
relating the far field to the near field that are 
used for improving radome design, not-only can 
antenna design techniques be improved, but the 
design of the radome wil) be aided directly by 
having immediately available all the information 
of interest on the antenna, 


‘ See Chapter 12, 
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GUIDANCE AND FIRE CONTROL SYSTEM 


RADOME DESIGN 


SECTION A, INTRODUCTION 


4-1. Radome Design Factors 


Radomes used on high-speed alrcraft* must 
withstand the aerodynamic rigors of supersonic 
flight and must produce a minimal effect on the 
radiation patternof the guidance system. These 
requirements force a dual role on the radome: 
{t is a structural part of the alroraft and an 
integrated component of the radar system. In 
the design of such radomes, compromises 
must be made which involve electromagnetics, 
aerodynamics, thermodynamics, structures, 
and materials and processes. As will be 
brought out, the design of any radome Js usually 
accomplished by reference to factors other than 
those which concern only the radome, Best re- 
sults can be obtained if a group of technically 
trained personnel co-operate in the design, 
and if the radome is considered as an integral 
part of the radar system — not as an item 
which is thrown in afler everything else ls de- 
signed and frozen, 


Of all the aircraft, high-speed missiles prob- 
ably demand the most from the radome, and the 
requirements of these missiles Ulustrate the 
complexity of the problems involved in design- 
ing radomes for sonic and supersonic flight. 
Missiles reach maximum velocity in a very few 
seconds after firing. An effect of such a rapid 
increase in speed is the production of a thermal 
shock, Temperatures involved in such a shock 
can be in excess of 1,000° F. The ability of 





“In this chapter, missiles are classified as 
alrecratt, 


materials to withstand such heat varies. Some 
materials are capable of maintaining their 
physical characteristics when the temperature 
is increased gradually but do not do so when the 
temperature is Increased rapidly. If moisture 
43 present in the radome wall, its sudden con- 
version to steam may destroy the radome, Dur- 
ing flight, the temperature inside the radome 
wall increases, andifthe flight is long enough in 
tine, an equilibrium temperature may be reach- 
ed. <A temperature gradient usually exists 
through the wall, and differential expansion of 
the material may result in thedestruction of the 
radome. Frontal air pressures of 100 pounds 
per square inch or more can exist with nega- 
tive pressures possible over certain portions 
of theradome when the aircraft is flying at cer- 
tain angles of attack. Structurally, then, the 
missile radome (and to some extent, fire con- 
trol radomes) must withstand thermal shock, 
differontial expansion, and wide variations in 
aerodynamic loads. The radome must also be 
capable of withstanding erosion effects of rain, 
hail, and possibly dust. In some missiles, the 
electronic system demands that the radome be 
pressu ized; tn others, the guidance system is 
required to operate in a vacuum. Special treat- 
ment may also be required for the elimination 
of moisture passing through radome walls. 


Radars used in guidance and fire control 
systems are very precise units, They must 
provide present-position 2nd angular-rate data, 
describing the motion of the object observed to 
some computer which compares the radar out- 
put with a reference value, The difference 
comprises an error signal, which is appro- 


Priately employed to command the servo sys- 
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tem to reduce the error signal to zero, Spe- 
cific electrical requirements vary from system 
to system, Detailed discussion will be given on 
the ways {n which radome error affects altitude 
stability, missile control time constant, navi- 
gation constant, flight path instability, and re- 
spunse to target noise. Acceptable limits of 
radome error depend upon the details of the 
control system used, and the limits placed on 
the radome by different systems may differ for 
many reasons, 


The majority of the missile systems under de- 
velopment at present use what is commonly 
known a8 proportional navigation, The basic 
plece of information about the target which ig 
required is the rate at which the true line-of- 
sight to the target appears to be moving with 
respect to a fixed direction in space. This in- 
formation is required because these navigation 
systems aim to bring the missile onto a col- 
lision course with tha target; for a given target 
position and velocity and missile velecity, the 
instantaneous "collision course" for the missile 
is defined as the direction of motton which 
would have the straight-line constant-velocity 
projections of the missile and target paths 
intersecting at a later time, Such a collision 
courge is characterized by the faci that the true 
Hne~of-sight from missile to target has a con- 
Stant direction in space; hence, the rate of 
change of the true line~of-sight is a measure. 
ment of the deviation from the collision course, 
Rates of change of the pointing error with re- 
spect to the radome have serious effects on the 
navigation system. The actual maximum rates 
which can be tolerated are functions of the al. 
lowable miss distance and vary from missile 
to missile, 


ee re Pao 


4-2, Electrical Requirementy and Objectives 


The primary electrical objective in the design 
of radomes to be used in tire contro] and guid- 
ance systema {8 the selectionof materials, con- 
structions, dimensions, and shapes that will re- 
duce the effect of the radome on the antenna 
patterns, This Objective usually is very dif- 
ficult to accomplish, Loss, from both absorp- 
tlon and reflections, must be minimized, In an 
active seeker missile system, large reflections 
can introduce a mismatch {n the antenna, which 
May result in power loss and frequency pulling, 
a8 well as ina change in the apparent line-of. 
sight to the target, Another electrical require- 
ment imposed upon radomes, especially in sya- 
tema in which the electromagnetic energy is 
eliiptically polarized, 1s that the complex trana~ 
mission coefficients for parallel and perpen- 
dicular radiation be equal, If these two coef- 
ficients are unequal, pointing errorg may occur 
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when the energy passes through the curved ra- 
dome wall, and then the antenna Pattern wil] be 
distorted, If the missile is tu be used at low 
althudes over either land or sea, the radome 
must not enhance the sidelobes of the radiation 


pattern. If the sidolohes are raised, ie auienna 


may lock on a reflection from the Ground or sea 
and completely ignore the target, 


Antennas are not point sources and most ra- 
domes are not spheres, A closer approximation 
is to assume that parallel rays are radiated 
from the antenna, and it is correct to assume 
that the individual rays will experience varying 
amounts of attenuation, reflection, and diffrac- 
tlon due to the variation of incidence angles and 
the changing radius of curvature of the radome 
wall, As aresul of passage through the radome 
wall, all rays are operated on differently and 
experience different amounts of attenuation and 
diffraction, If the wavefront of an electromag- 
netle wave incident on the radome {s assumed 
to be plane, the emerging wavefront will be dig . 
torted, and the fur-field patterns with and with-~ 
out the radome will be different. 


Present consensus among designers is to de-~ 
sign for minimum refiection, maximum trans- 
mission, minimum absorption, and minimum 
phase shift variations, and then to look to the 
overall system of which the radome is a part 
for ways to reduce the impairing effect of the 
radome, The system may be a gun laying sys- 
tem or a missile guidance system, These are 
inhorently the same: the objective in both is 
the direction of a Projectile to a target, In the 
gun laying system, the problem of directing the 
Projectile is done once, and in the missile sys- 
tem, continuously. In both, however, data re- 
lating to the angular direction of the target and 
angular rate of change must be accurate. 


In a conical sean system (fire control or mis- 
sile), the radar seeks a null signal (unmodu- 
lated) and is on null when it ig on target. A 
shift in the null means a Pointing error (that is, 
& faise target position), anda changing antenna 
heading means false information on change of 
target bearing, The Pointing shift produced by 
the radome is usually broken into components 
Perpendicular and parallel to a plane defined by 
the radome axis and the true line-of-sight to 
the target. These Components are referred to 
in this chapter as the crosstalk error and the 
in-plane error, respectively, In gun laying 
systems, the magnitude of the pointing error, as 
Well as Its rate of chango, cuncause appreciable 
system error, aside from the Possible effects 
on the stability of the system, The intelligence 
the radar gathers is angular information; a 
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given displacement of the target from the line- 
of-sight and along its flight path will cause a 
larger angular displacement of the antenna in 
seeking a new line-of-sight as range decreases, 
and as 2 consequence the system gain will in- 
crease. In practive the change in gain which 


_ an ha tolerated is limited by airframe and 


component resonances, It is possible for a ra- 
dome, in causing pointing shift as the range de- 
creases, to produce a pointing error rate which 
will make the system .ustable through its effect 
on gain. 


Pointing error rate also affects system per- 
formance through its effect on the navigation 
constant «(proportionality factor between mis- 
sile rate of turn and rate of change of line-of- 
sight to target), The effective navigation con- 
stant, which results from the pointing error 
rate, is \' = A(1 + k)/(1 - ka), where k is the 
pointing error rate in degrees per degree. 
Positive pointing error, an increasing value of 
null shift in the same direction as antenna 
Scan, causes an increase in navigation constant, 
which has the effect of commanding the missile 
to turn at 9 greater rate than it would ordin- 
arily. Similarly, a negative error rate results 
ina smaller effective navigation constant than 
the true constant. Since the navigation constant 
ig a parameter of the missile feedback cuntrol 
system, a change in the feedback control char- 
acteristics can establish the condition for in~ 
stability of the control system. Depending on 
response times and phase relationships that 
exist among the various units, instability may 
be realized at one or more frequencies. In- 
stability may be evidenced at aerodynamic fre- 
quencies and at low frequencies, In the first 
case, the effect will be missile attitude oscil- 
lation, and in the second, flight path instability 
evidenced by wide swings from the intended 
flight path, 


4-3 Mechanical and Aerodynamic Restrictions 


It cannot be assumed that a radome found sat- 
istactory for use with one system will neces~ 
sarily be satisfactory if used to house some 
other radar system, Important parameters in 
radome design are antenna size, antenna scan 
angles, radar frequency, type of 9olarization, 
and locationof antenna within the radome. Good 


electrical radome shapes and constructions are 
not necessarily good aerodynamic or structural 
designs, andthe criteria by which parameters 
should be emphasized or changed inthe dasign 
compromise vary from »pplication to applica- 
ilon. For example, for many requirements, 
hemispherical shapes with wails made of ma- 
terial with low dielectric constant and a few 
thousandthsof an inch thick are sufficient: how- 
ever, this design is usually unacceptable 
aerodynamically or structurally for most cur- 
rent radar installations in aircraft. Thus, a 
cornpromise is necessary, but if an existing 
radome is being considered for use with a new 
radar, a complete design and test evaluation is 
in order. There is some evidence that blunting 
of the radome nose can be tolerated electrically 
without significantly changing the aerodynamic 
characteristic, but sometimes system perfor- 
mance canbe improved only atthe cost of aero- 
dynamic effictency. Radome design must be 
conducted through the cooperative efforts of the 
radar designer and the systems engineer operat- 
ing as a team, Since a!) are handicapped by the 
lack of rigorous analytical tools for electrical, 
aerodynamic, structural, and environmenial 
evaluation of a proposed design, adequate de- 
signs require considerable discretion on the 
part of the team. It cannot he stressed tuo 
strongly that the optimum radome design for 
any application will result from early considera- 
tion of the radome asan integral part of the ra- 
dar system. 


4-4, Objectives of Chapter 


In the present. chapter, airborne radomes 
which require pointing accuracy to any degreu 
will be discussed. A brief description of fire 
control and missile guidance systems which re- 
quire these types of radomes 1s provided to 
serve as a general basis for the detailed dis- 
cussion. No attempt has been made to present 
complete analyses, since the primary interest 
is on radomes for these systems, not on the 
systems themselves, Following the deseriptions 
of the systems, sources of pointing error are 
described, effectsof these errors onthe various 
systems are analyzed, and methods of predic- 
tion and of correctionof radome pointing errors 
are outlined. 


SECTION B, FIRE CONTROL RADAR SYSTEMS 


4-5, Introduction 


The purpose of an airborne fire control radar 
system is to supply to a computer (human or 
electronic) accurate range and pointing angle 


(directional) information concerning a target, 
for use in the firing of the plane's armament, 
While precise measurement of the range can 
be made by timing the radar echo, the pointing 
accuracy of a simple radar can be basically no 
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better than the beamwidth of the antenna. The 
antenna beamwidth is approximately \/D {ra- 
dians. where ) in the wavelength of the racia- 
tion and D is the antenna width, or, for a para- 
boloid, the diameter. As the beamwidth gets 
narrower, the pointing angle accuracy will im- 
prove. Since a beamwidth of several degrees 
is typical of airborne fire control ridar an- 
tennas, additional features are required in the 
system toprovide the desired pointing accuracy 
of a few milliradians, which is only one or two 
hundredths of the beamwidth. The basic method 
of obtaining the higher accuracy may be termed 
“lobe comparisoa," and the numerous variations 
of the method may de classified as ‘time se- 
quential"' and "simultaneous." 


4.6, Time Sequential Lube Comparison Sys- 
tems 

The time sequential classification includes 
conical scan and sequential lobing systems, 


antenna beam axis is made to describe a cone 
in space by the rotation of an offset feed or a 
skewed reflector, Because of the motion of the 
beam, the target echo will, in general, vary in 
time and produce a modulation at the conical 
scan frequency of the received r-f signal. The 
amplitude of this modulation is proportional 
(for small errors) to tne angular deviation of 
the target true Mne-of-sight from the antenna 
crossover axis, which (for no pointing error) 
is coincident with the axis of rotation, Error 
signals in both azimuth and elevation are ob- 
tained from the relation of the phase of the sig- 
nal modulation to the position of the rotating 
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antenm element. D-c voitages drive servos 
which position the antenna so that the target ia 
an tha omannwar arte, fnew which sondition ths 
error signals arezero. Tha antenna thus tracks 
the target, and the desired pointing information 
is obtained from gyros on the antenna or from 


resolvers at the ajtenna gimbals, 


The conical scan system usually incorparates 
a mechanically scanning paraboloidal antenna 
radiating a pencil beam. The antenz:a rotates 
continuously about the mechanical axis with the 
antenna set at an angivto this axis such that the 
center of the beam describes a cone in space. 
The included angle is usually less than the 
beamwidth. A target ‘alling within the beam 
during revolution of scan will return an echo 
that is amplitude-modulated as the beam ro- 
tates. This modulated signal is used as an 
error signal for positioning the antenna, Zero 
modulation, or a "null" of the fundamental scan 
frequency, means that the antenna crossover 
axis is passing through the target. Since angu- 
lar accuracy of less than several milliradians 
is required in some systems, it is desired that 
the pencil beam pattern remain undistorted 
during scan if the crossover points are to de- 
fine a point and not an irregular volume. In 
general, however, the beam js distorted during 
the scan cycle, This distortion produces point- 
ing errors by shiftingthe angular position ofthe 
minimum or null of the fundamentai scan fre- 
quency. At the null the amplitude of the funda~ 
mertal is reduced to a minimum, but in general 
the amplitudes ofthe harmonics are not reduced 
proportionately. This disproportionate reduc- 
tien {s particularly true of odd harmonics, 
which, at the null, may have magnitudes several 
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times that of the fundamental. Thus, it is nec- 
essary thet efficient filters be provided in the 
syst..m to prevent pointing errors caused by 
harmonics, 


Since srror signals are required for only two 
perpendicular planes, the rotating part of the 
antenna need assume only four positions, and 
the continuous conical scan motion is for me- 
chanical convenience only. 


Sequential Lobing. A time sequential radar 
system which provides only four positions in 
rotation is the "sequential lobing" type (Fig- 
ure 4-2). The sequential lobing antenna bas 
four feed apertures. By means of waveguide 
switches, these four apertures may be used 
individually in sequence to provide without mo~ 
tionthe same result as conical scan but at much 
higher scanuing speeds than are possible mech- 
anically. The construction of sequential lobe 
ccemparison systems inherently provides a fur- 
ther a¢yantage over conical scan; ail four aper- 
turey transmit simultaneously; only one re- 
ceives at a time. In this way the peak of the 
transmitted beam is on the crossover axis, 
giving a larger target reflection than in the 
conical scan system, in which the beam pea is 
displaced from -e crossove- axis, 


4-7, Simultaneous Lobe Comparison Systems 
(Monopulse) 


In the simultaneous lobe comparison system 
complete target position information is obtained 
on each pulse of the radar set. For this reason 
the system is commonly called monopulse. 
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From the target echo the monopulse actenna 
derives signals which give the range of the 
target and its direction relative to the axis of 
the antenna. There are three waveguide ter-. 
minals, one for the transmit and range signal 
reception, anJ one each for azimuth and ele- 
vation error signal reception (Figure 4-3). The 
r-f signals which appear at these three ter- 
minals are usod to provide the d-c pointing 
error voltages. The signals picked up by the 
feed apertures are combined in such a manner 
that their sum and differences are obtained. 
Two types of rrdiation patterns result in each 
plane, a sum pattern (Figure 4-4) and a dif- 
fererte pattern (Figure 4-65). The sum signal 
is used for search operations and gives the 
range of the target. The sum pattern, obtained 
by the addition in phase of the echo signal re- 
cetyed by the two apertures in one plane, is 
characterized by a main lobe of considerable 
directivity along the antenna axis, The dif- 
ference pattern for any one plane 1s obtained 
from the difference between the echo signal as 
received by each of the apertures in that plane. 
From these signals the azimuth and elevation 
error signals «.e obtained by comparison of the 
difference signals with the sum signal in each 
plane to give the magnitude and direction of the 
pointing angle inthat plane. The difference pat- 
tern has two main lobes and a null on axis, ‘The 
main lobes are symmetrical and equal for a 
difference pattern plotted in power; however, the 
fields associated with the two lobes are 180 de- 
grees out of phase, andthe r-f voltage appearing 
at the antenna error channel terminals varies 
with angle as in Figure 4-6. (This description 
assumes perfect symmetry in the antenna.) 
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The nonlinear response of the radar receiver 
with its automatic gain control modifies the 
error characteristic so that the final d-c error 
signal which controls the antenna pointing 
servos varies somewhat with pointing error, as 
shown in Figure 4-7, The pointing accuracy of 
the system is dependent on the steepness of the 
overall characteristic near zero. If the noisein 
the system has an aniplitude as shownin Figure 
4-7, small error signals will be magked by the 





r-f voltage 





angie tram” 
antenna axis 


Figure 4-6. R~F Voltage At Error 
Termine! of Antenna 
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noise, and the antenna will point erratically be- 
tween the angle+s and -G, A steeper character- 
istic decreases this error. The steepness of 
the overall characteristic is proportional to the 
slope of the antenna difference voltage charac- 
teristic, anditis desirable to design the antenna 
to maximize this slope. The error character- 
istic is an intrinsic feature of the antenna and 
depends on the aperture illumination, 


The relative level of the noise (Figure 4-7) 
depends onthe signal-to-noise ratio, so that the 
signal-to-noise ratio in the final error signal 
output determines the pointing accuracy of the 
system, The overall signal-to-noise ratio is 
determined by the r-f signal at the mixer, and 
this signal depends on both the antenna-trans- 
mitiing andthe error-receiving characteristics. 
The received wave is a refiection of the trans- 
mitted wave, and js proportional to the gain of 
the antenna transmit channel. Thus, a true 
measure of the antenna error sensitivity must 
be a function not only of the slope of the antenna 
error voltage characteristic, but also of the 
antenna transmit channel gain. 
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Figure 4-7, D=-€ Error Veltege At Serve input 


Monopulse systems are usually classified as 
phase comparison, amplitude comparison, or 
phase-amplitude comparison, depending on the 
characteristics of the antenna, 


Phase Comparison. In the phase comparison 
type there are always two or more apertures in 
each plane that are fed independently. The tar- 
get echoes picked wp by the two apertures are 
equal in amplitude because the apertures are 
oriented together; but, when the target is not on 
the axis of the antenna, the echoes picked up by 
the apertures differ in phase, since one aper- 
ture of the antenna is closer to the target than 
the other, 


Amplitude Comparison. In this monopulse 
two components of the feed 
aperture are alined in each plane and are gen~ 
erally smaller than those of the phase com- 
parison type (since there 1s no need for size or 
geometric separation to pick up several phases 
of the incident wave). The target echo excites 
each aperture differently, and pointing informa-~ 
tion 1s derived from the resulting amplitude 
differ ence. 


Phase-Amplitude. In this system, literally a 
combination of the othey two types, error sig~ 
nals are obtained by phase comparison in one 
plane and by ammlitude comparison in the othez, 





Monopulse System Errors. In any of the 
monopulse antenna systems, pointing errors 
can arise in two distinct ways, Phase cr am- 
plitude discrepancies in the received signals, 
which result from asymmetries in the feed 
structure or from radome refraction, give rise 
to pointing errors. A second contribution to the 
pointing error arises from thé joint effects of 
the radome error and the asymmeiries and of 
phase errors between the parallel rectiver 
channels which are required in a inonopulse 
system. Signal errors in phase or amplitude 
are always present to some degree, since the 
feed structure and the radome cannot be per- 
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fect. Similarly, phase discrepancies between 
receiver channels will generally be present. 
For satisfactory system performance, however, 
itis mandatory that both sources of nainting er- 
ror be minimized. In fact, the design of i-f am- 
plifiers with satisfactory phase characteristics 
over a large dynamic range constitutes one of 
the major problems in a monopulse system. 


A constant phase distortion causes the antenna 
Pointing angle tc deviate a fixed distance as long 
as the frequency is constant; however, at a con- 
stant frequency variations will occur in the 
errors introduced by amplitude distortions in 
combination with phase errors between receiver 
channels, For example, for a phase compari- 
gon system, a relationship can be defined to 
show the effect on the pointing axis of the phase 
distortions, If the total width of the feed aper- 
tures in one plane ts 2D, so that the effective 
separation of the centers of the two component 
apertures is D, the phase angle 2 is given by 


peti (4-1) 
A 


where 6 is the antenna pointing angle. This re- 
lationship assumes that the apertures of the an- 
tenna have the same gain and receiving pattern 
and that the amplitudes of the received target 
echo are equa!. Differences in slectrical length 
¢ betweenthe connecting waveguides will create 
a pointing error which wil) causethe position of 
the antenna to shift to the angle 6if(¢), Fora 
factor (2 7 D/A) on the order of 40, the error 
in 9 is about 21/2 percent of ¢, With an an- 
tenna of this size, a phase error of 10° would 
shift the pointing axis about 4 milliradians, 
This shift in itself is not detrimental (as long 
as the frequency is constant), since it merely 
defines a new pointing axis, The position of the 
new axis, however, varies with frequency, and 
it isthe shift of the pointing axis with frequency 
which is important. The phase error between 
feeds may result from structural asymmetries 
in the feed, or it can result from radome effects 
as well, Since the phase errors caused by the 
radome vary as the antenna scans, a variable 
shift in pointing axis then results, even with a 
fixed frequency. The major sources of error 
for both phase and amplitude comparison mono- 
pulse systems are indicated in Table 4-1. 


4-8. Comparison of Monopulse with Time 
Sequential Systems 


Table 4]. Majer Sources of Errors in Shuwitenove 





Phase Comparison Antena 


Primary Error 
Phase errors in feed system 
Secondary Error 
Amplitude errors in feed 
(in front of sum and dif- 
ference circuit) 


Plug Phase Errors between 
receiver channols 





The essential characteristic of both the con- 
{cal scan and sequential lobing systems is thut 
they moasure echoes received at different 
times. (See Figure 4-8.) The monopulse sys- 
tems, on the other hand, derive all range and 
pointing information from each single pulse 
echo (Figures 4-8 and 4-10). The classification 
of fire control antennas as simultaneous lobe 
comparison or time sequential lobe comparison 
ig made because a significant advantage of 
monopulse appears in this connection. Sinve 
time sequential lobing entatis compariaon of two 
echoes separated in time, changes inthe reflec- 
tive properties (scintillation) of the target or 
fluctuations in transmitted power can cause 
false error signals. For the same reason, the 
sequential system is vulnerable to certain types 

of jamming. The higher scan speed obtainable 
by sequential lobing with waveguide switches 
instead of mechanical motion reduces but does 
not eliminatethese spurious error signals. The 
monopulse, deriving complete information from 
gach pulse, is not susceptible to these effects. 


An advantage monopulse enjoys over conical 
scan, although not necessarily over sequential 
lobing, ts a greater overall angular sensitivity, 
because the target is tracked at the peak of the 
transmitted beam. tn conical scan the target is 
tracked aithe beam crossover, which is usually 
near the half-power point, The voltage sensi- 
tivity is essentially equal for both monopulse 
and conical scan antennas, but the overall 
angular sensitivity is less for the conical scan 
because of the weaker echo, The sequential 
lobing antenna can be designed to track the tar- 
get at the peck of the transmitted beam and can 
avoid the power loss inherent in the conical 
scan. However, with a sequential lobing sys~ 
tem, the r-f noise produced in the received 
signal by existing lobe switching tubes is a 
major disadvantage, 
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Lebe Comperizen Systema 





Amplitude Compertson Amtcna 


Amplitude errors in feed system 
Phase errors in feed 


Plus Phase errors between 
receiver channela 





In a conical scan antenna, input impedance 
varies with rotation of the scanning mechanism, 
The changing load presented to the magnetron 
causes fluctuations both in frequency and in 
power, A unilateral device, such as a ferrite 
Byrator, iy necessary tn overcome this problem. 
The input impedance of a monopulse antenna 
remains essentially constant, since there are 
ho mcving elements except the rotary joints. 


Mechunically, the monopulse antenna is some- 
what utore complex than the conical scan type, 
but there are no moving parts in the antenna 
proper. Since the antenna feed has no bearings 
or drive mechanisms, the monopulse system is 
less subject to mechanical breakdown, Pres- 
aurizaticn may be easier. However, the ad~ 
ditional rotary joints which are necessary if 
receiver components are not mounted on the 
antenna are an added complexity. Although 
monopulse antennas vary in weight from type to 
type, they compare favorably with the conical 
scan when the weight of the spin motor and re- 
solver ir considered. 


In sequential lobe comparison and conical scan 
systema, the pointing error information appears 
as anamplitude modulation of the received sig- 
nal, Only one chamel, involving one rotary 
joint in each gimbal axis, one mixer, and one 
i-f amplifier, is necessary to carry this infor- 
mation. In a sense this single channel is time 
shared. The monopulse system, on the other 
hand, deriving complete pointing information 
from each pulse echo, cannot time-share one 
channel, but requires two or three. The multi- 
plicity of receiver components and rotary joints 
adds weight and complexity and tends to de- 
crease the electrical reliability, The additional 
rotary joints may be avoided by mounting some 
receiver components on the antenna, although 
this arraagement adds inertia to the antenna 
and requires the use of flexible cables. The 





Figure 4-8. Typical Fire Centro! Antenne Beam = Conical Scon 
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decision whether to suffer the additional rotary ponents on the antenna ig an inve'ved one which 
jotnta orto avoid them by placing receiver com- must be reached for each particular anniiontion, 
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SECTION C, GUIDANCE SYSTEMS 


4-9. General Types 


Missile guidance systems are usually defined 
in terms of the method by which a missile re- 
ceives its information about the target. Missiles 
fall loosely into two categories, self-guided 
(or self-contained) and remotely guided or di- 
rected, Self-guided missiles ure of two ty pes: 
(1) those which receive instructions as to tar- 
get position and trajectory prior to launch and 
carry out these instructions by responding to 
some form of continous navigatior -(long-range 
ballistics missiles) and (2) those which receive 
thetarget positional information directly during 


flight and home on thattarget (homing misalles). 
The remotely guided or directed category of 
missiles may receive some instructions before 
take off, but receive further instructions during 
the entire flight, Missiles which fall into this 
category include the "command-control" and 
the "beamriding" missiles. In actual practice 
missiles are often a combination of types of 
guidance; the midcourse guidance may be as a 
directed missile or as a beamriding missile, 
while the terminal phase may utilize self-guid- 
ance, Current guided missiles are fisted for 
reference in Table 4-II, grouped according to 
tactical employment, 


Teble 4~JJ, Current Misxiles With Electronic Guidance * 





Surface-to-Surface 








Missile Guidance Company or Country 
Air-to-Air ‘ 
*Falcon 1, 3 semiactive radar Hughes 

Falcon 2, 4 passive i-r Hughes 
Sidewinder passive i-r Philco 
* Sparrow I beamrider Sperry 
“Sparrow I active radar Sperry 
*Sparrow OI semiactive c-w radar Raytheon 
* Velvet Glove beamrider Canada 
Air-to-Surface A 
Rascal inertial and radar command Bell 
* Crossbow passive radar Radioplane 
Surface-to-Air 
*Bomarce command, midcourse; Boeing 
active radar, terminal 
guidance 
Nike command Douglas 
* Talos beamrider midcourse; Bendix 
semiactive radar, 
terminal guidance 
*Terrier beamrider Convair 
*Tartar semiactive c-w radar Convair 
* Hawk semiactive c-w radar Raytheon 
Stooge command Great Britain 
*Red Shoes semiactive radar Great Britain 


Corporal beamrider; ballistic Firestone 
trajectory 
Regulus command Chance-Vought 
* Matador atran Martin 





aoa ne 


*Missiles with guidance systems which require boresighting radomes are starred. 
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To the radome designer the homing missiles 
present the most serious problem. Since these 
missiles seek out and home on their targets, 
thelr antennas are carried as far forward as 
pussivie, so that the missile fuselage will not 
interfere with the guidance operations. A nose 
or leading edge position for the antenna placea 
ihe radome in an extremely strategic spot. It 
must have low loss and high pointing accuracy, 
go that it will not introduce errors into the tar- 
get positional informationand cause the missile 
to go astray, It must also fulfill paradoxical 
aerodynamic considerations, A supersonic mis- 
sile needs a pointed nose, but a pointed radome, 
solving the aerodynamic problem, creates ad- 
ditional electrical anes, A blunt radome eases 
the electrical problem and complicates the 
acrodynaniie one, In addition to these problems, 
the homing missile radome must possess the 
physical properties necessary to withstand the 
high temperatures of supersonic flight. In the 
present state of the art,a compromise has tobe 
made in which the three problems (physical, 
electrical, aerodynamic) are resolved for each 
application. 


Some design is also required in radomes for 
command-control and beamriding missiles, al- 
though the problem is considerably lesa com- 
plicated than for the homing missile radomes. 
In a command-control missile, the antenna is 
usually in the tail or wings; in a true beamrider 
the antenna ts in the rear. Since the radome is 
not a leading surface, it does not have to meet 
as stringent physical requirements, and tem-~ 
perature and material strength demands are 
usually lower, The radome shape is often not 
important; sometimes the antenna is merely a 
slot array covered with plastic. For command- 
control missile radomes, electrical require- 
ments are not especially high. Commands may 
even be sent to the missile from the control 
radar in the form of coded information by a 
radio link, rather than by radar, But for beam- 
riders, pointing accuracy ofthe radome must be 
high, since the missile must ride the center of 
the beam to hit the target. In addition, many 
heamriders utilize some type of homing system 
for terminal guidance, so that their radomes 
must meet the same stringent requirements as 
those of homing missiles, Plan views of several 
guided missiles which require radomes are 
shown in Figure 4-11. 


4-10, Self-Contained Guidance Systems 


There isa growing interest in long-range air-. 
to-surface and surface-ty-surface misatles. 
These missiles maybe used whenthe target po-: 
sition is known before launch and is not likely 
to change during the missile flight time. They 
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Figure 4~11, Plan Views of Representative 
Guided Missiles Which Require Redemes 


may have any of the several types of guidance 
systems but the emphasis ts on a ballistics 
approach for the greater portion of the flight 
(for example, the North American Navaho, the 
Chrysler Redstone, and the Convair Atlas). In- 
formation about target position is first supplied 
to the launching station at which it is used to 
preset the desired trajectory into the missile. 
During flight the missile maintains the set tra- 
jectory by some form of continuous navigation, 
suchas automatic celestial or inertial guidance. 
In these forms of navigation the missile knows 
the position of the target relative to the point of 











devarture and can dctcrmine its own current 
position from its velocity and direction in re- 
lation to some fixed point, In inertial guidance, 
the fixed nointa are the coordinates of the 
starting point with reference to a system of free 
yvyroscopes and accelerometers. In celestial 
guidance, the points are the sun o7 the stars 
with reference to time. 


Homing Missiles. Continuous navigatior. is of 
little use, however, when the target is likely to 
change position during flight, such as with a 
maneuvering aircraft, or when external target 
information is inaccurate. For these applica- 
tions the homing missiles are best udapted. 
They can be used as air-to-air, air-to-surface, 
surface-to-air, and terminal guidance of sur- 
face-to-surface. These missiles are equipped 
with "seekers,’’ some combination of receiving 
and computing mechanisms capable of deter- 
mining a line-of-sight to atarget and homing on 
it. Basically, the seeker may be one of three 
types. It may be active (Figure 4-12a), a sys- 
tem in which the missile carries both trans- 
mitter and receiver. Energy generated by the 
missil. transmitter is reflected by the target, 
Picked up, and acted upon by the missile re- 
ceiver, It may be semiactive (Figure 4-12b), a 
system in which the missile carries only a re- 
ceiver, and the target is illuminated by energy 
generated by the launching aircraft or by some 
other radar, The missile picks up and homes 
on the reflected signal. It may be passive (Fig- 
ure 4-12c), a system in which the missile 
carries only a receiver; the signal on which it 
homes is generated by the target. No external 
source of illumination other than that from the 
target is necessary. 





Both active and semiactive seeker systems 
utilize radar, but the passive seekers can be 
designed to home cn r-f energy, infrared en- 
ergy, sound energy, or, theoretically, any other 
type of energy. Since the radome by definition 
is associated only with radar missiles, the dis- 
cussion of seeker missiles will assume that 
only r-f{ energy is involved. Examples of typical 
radar seekers include the Hughes Falcon 1 and 
3 (semiactive), Radioplane's Crossbow 
(passive), the Convair Tartar (semiactive), and 
terminal guidance of the Bomarc. 


Passive seekers have the strategic advantage 
of not announcing their presence to the target, 
since noform of external ‘Uumination is present 
to warn the target. Active and semiactive sys- 
tems are used when larger amounts of power 
are required from the target, the semiactive 
seeker giving the largest power of all because 
the transmitter, if on the ground, can be of 
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virtually unlimited size, The semiactive homing 
missile has the optimum combination of desir- 
able factors for many applications: it is highiy 
accurate and highly directional; it is lighter in 
weight and less complicated than the active 
seeker; it can find a target when the target is 
not radiating energy, a seeking characteristic 
which the passive missile does not have; and it 
is longer ranged than active seekers. 


Direct Pursuit Trajectory. The homing mis- 
siles can fly several types of trajectories. The 


simplest and best known is the direct pursuit 
course in which the missile always aims di- 
rectly at the target. The only information re- 
quire“. about the target is its bearing, that is, 
the direction ofthe line-of-sight from missileto 
target. The missile then merely has to keep its 
velocity vector coincident with the line-of-sight. 


A fixed, forward-looking seeker is employen, 
which detects any deviations between the mis- 
sile axis and the line-of-sight and then sends 
corrective signals to the contro! surfaces, The 
equations for the ideal pursuit course may 
easily be derived in terms ofthe missile-target 
range R and the angie 8 between the line-of- 


Sight and the target velocity vector, The fol- 
lowing relations hold for a nonmaneuvering 
target. 
R = Vy cos £ - Vm (4-2) 
dR : 
—=- V, sin 4-3 
- , sin B (4-3) 


in which Vy is target velocity and V,, missile 
velocity. As the missile-target range ap- 
proaches zero, the angie between the line-of- 
sight and the target velocity vector also ap-~ 
proaches zero, so that the missile always ends 
up in a tail chase, The terminal acceleration 


is given by 

0 ifi<k<2 

1 4VmV_ sin Fy 
AWE VO Pat se IK 2 (4-4) 
a om Ry {1 +c0s 6y)* 

co ifk> 2 


where (Rg, 49) and k = Vyy)/Vt denote the initial 
conditions. The terminal acceleration called 
for becomes infinite for speed ratios greater 
than 2:1. In any case, the missile path is con- 
tinuously curved; two examples of trajectories 
are shown in Figure 4-13. 


Pure pursuit . .vigation requires the missile 
to follow a curved trajectory even against a 
straight-fly.ng target, thereby using up a good 
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Figure 4=13, Example of Trajectories Result~ 
ing From A Divect Pursuit Cousse 


part of its acceleration capability, In addition, 
since the missile must also be capable of cor- 
recting-qut initial aiming errors, overcoming 
gravity and drifts, and following target man- 
euvers, a pursuit missile would have to be pro- 
vided with very high maneuverability in order 
to be at all effective. 


Constant-Bearing Trajectory. A more de- 
sivable trajectory is one in wich the missile 
velocity leads the line-ur sighi by just the 
vight angle, so that for a nonmaneuvering tar- 
get the miissile flies a straight-line path to 
collision, as illustrated in Figure 4-14, The 
characteristic feature of this type of navigation 
is the constant bearing in space of the line-of- 
sight, achieved by the alinement of the relative 
missile-.arget velocity, with the line-of-sight 
(rather than the actual missile velocity, as in 
pursuit course navigation); in target coordi- 
nates, therefore, the missile will appear to be 
coming in straight at the target, though pointed 
off by the ‘ead angle. It is not difficult to show 
that if the micsile can keep the line-of-sight 
bearing constant, a collision will always occur 


even if the target should maneuver. Unfortu- 
nately, such constant-bearing navigation re- 
quires the missile to be able to detect and 
correct instantaneously any changes in the 
line-of-sight direction. 


Proporuonal Navigation, A more practical 
scheme for an actual missile ig so-called pro- 
portional navigation, As long as the missile 
remains ona collision course, as indicated by 
zero rotation of the line-of-sight, no steering 
commands are given; any rotation of the line- 
of-sight, indicating departure from a collision 
cour-e, is detected by the missile, which then 
turns at a rate proportional to this rotation in 
such a direction as to reduce the line-of-sight 
rateand get back ontua constant-bearing course. 
Thus if y and o denote, respectively, the hear- 
ing angles of the missile velocity and of the 
line-of-sight, both measured relative to any 
fixed reference lines, then the missile steers 
so as to satisfy 


y=Ky (4-5) 


where K isa constant, typically between 3 and 5, 
(A discussion of the effect of radome errors on 
this type of missile navigation is introduced in 
paragraph 4-31.) 
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Figure 4-14 Trajectory Resulting From Con— 
stant ~ Bearing Navigation 





4-11, Remote Guidance or Direction Systems 





Remote guidance or direct'»n systems are 
those in which information .s continuously 
transmitted to a missile from an external sta- 
tion during the missile flight time. Cominand- 
control and beamriding missiles come under 
this type of guidance. They are used when in- 
formation about the target can be more accu- 
rately estimated at some location other than the 
missile. United States missiles which utilize 
this type of guidance include the Sparrow I, the 
Terrier, and the Corporal (beamriders) and the 
Bomarc, the Nike, and the Regulus (command- 
control). (See Table 4-II.) 


4-12, Beamriders and Command Control 


The beamrider missile literally rides a radar 
beam to the target (Figure 4-15), The launcher 
(platform or aireraft) tracks the target and, 
through its radar tracking beam, lays down the 
direction to the target along which the missile 
must fly. To keep in the center of this beam, 
the missile must be able to determine(and cor- 
rect) any deviation it may have from the center 
of the beam, A simple method is through the 
addition of a small nutation to the beam(conical 
scan), The signal received by a rearward- 
looking antenna on the missile will then be am- 
plitude modulated whenever the missile gets off 
axis, the amount of modulation being roughly 
proportional to the position error, For a sur- 
face-to-air beamrider missile the launch point 
is fixed, The lower the missile-to-target speed 
ratio, the greater the missile acceleration re- 
quired to stay in the beam. The maximum 
acceleration occurs at the end of the flight 
where the missile acceleration called for by 
tracking noise (beam wander) is also greatest. 
A more important disadvantage of beamrider 
missiles is the reduction in accuracy with an 
increase in launcher-to-target range. The 
width of the tracking beam increases as a func- 
tion of range, so that at the target, where the 
least dispersion of the missile about the beam 
axis is most desired, the maximum dispersion 
occurs, 


Because of this Hmitation additional tech- 
niques, such as a homing device, are required 
for accurate terminal guidance. To improve 
accuracy, as fine a pencil beam as possible 
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ghould be used. Thiea requirement, however, 
further aggravates the problem of beam entry 
and capture which !s particularly acute for air- 
to-air missiles, These must be launched fur- 
ward along the airplane axis while the tracking 
beam may beoffset through an appreciable angle 
(except for near tail and near head-on attacks), 
A wider capture beam for initial guidance could 
be used, or the launching aircraft could fly a 
pursuit course initially until the missile starts 
to guide, and then could turn sharply to try to 
achieve a constant-bearing course in order to 
minimize missile acceleration required by line- 
of-sight rotation, 


With beamriding missiles, the launcher tracks 
the target and launches the missile down the 
traching beam; with the command-control mis- 
sles the launcher tracks both target and mis- 
sile, and on the basis of these data transmits 
suitable commands to the missile to enable itto 
locate the target (Figure 4-16), The missile 
picks up signals only from the launcher, usually 
hy means ofa receiver located in the tail, In 
practice most command-control guidance sys- 
tems require separate radar beams to track the 
target and missile, From their relative posi- 
tions a computer at the launching station cal- 
culates the optimum path for the missile and 
sends it corresponding commands, This path 
will in general not be along the launcher-target 
beam; for a surface-to-air missile, for exam- 
ple, a desirable trajectory may be one which 
rises nearly vertically initially to get the mis- 
Sile out of the dense, high-drag lower atmos- 
phere as rapidly as possible to conserve speed, 
and which goes over into a near-constant-bear-~ 
i urse during the terminal phase. 


An advantage of command guidance is the 
greater electronic simplicity it offers over 
homing missiles, All the computing and track- 
ing equipment is located at the launcher, and 
the missile has only to carry a receiver anda 
steering system, With the exception of the V-1 
and V-2, all of the guided missil-s(more than a 
dozen) developed during World War I, mostly 
by Germany, were of the commandtype. Only 
as miniaturization and component reliability 
have advanced has it become possible ty utilize 
the more sophisticated systems of guidance 
which give guided missiles independence from 
their launching sites. 
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Figure 415. Beomriding Missile; Applicetions: Air~te=-Surtece, Alr=to=Alr, 
Suctece-te-Air, Surtece—to-Surtecs (Short Renge) 
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Figure 4-16, Command=Control Missile; Applications: Surface~tomAlr, AlratcsSurtuce, Surtace=to-Surface 


SECTION D, SOURCES OF POINTING ERRORS 


4-13. Sequential Lobe Comparison 


In sequential lobe comparison radars, the an- 
tenna attempts to point in that direction for 
which the signals received by the radar are the 
same at all partsof the scan. Looked at in two- 
dimensional cross section, the scan reduces to 
an alternation between two antenna directions. 
The target appears to be at the point at which the 
patterns for the two directions cross. In actual 
practice, because the lobes ina scan cycle are 
not quite symmetrical, the positions of the 
crossover points vary as the antenna scans, so 
that the antenna points along an axig which isan 
average of the crossover points of the entire 
scan cycle. A variation in the antenna cross- 





over axis produces a modulated r-f signal which 
has a modulation amplitude proportional (for 
small errors) to the angular deviation of the true 
line-of-sight to the target from the crossover 
axis. This modulated signal is the tracking 
signal, and when there is zero modulation or‘a 
null, the antenna is on target, 


4-14, Simul‘aneous Lote Comparison 


In simultaneous lobe comparison radars, the 
antenna attempts to point along the peak of the 
transmitted beam. The different receiving aper- 
tures in the antenna receive slightly different 
signals (varying in phase or in amplitude or in 
both, cepending on the typeof system), whichare 
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converted to tracking signals by the antenna 
circults, Any effect which alters the locus of 
the crossover points (conical scan) or thephase 
or amplitude of the received r-f signals (mono- 
pulse) introduces a pointing error into the sys- 
tem. Those errors caused by the radome which 
produce such effects are called the radome 
pointing errors or radome boresight errors, or 
simply radome errors. 


4-15, Radome Errors 


In the discussion of the sources of radome 
errors, the chief sources are classified first, 
very simply, Estimates oily of their relative 
importance are provided and the methods used 
are deliberately approximate, Results are to 
betaken as suggestive ofthe: order of magnitude 
only, having the merit of giving definite, under- 
standable numerical values, The suggested 
compensations are intended to indicate only 
general approaches, Specific correction tech~ 
niques are described in Section G. It is 
assumed inthe discussion that the radar is one- 
way; if the radar is send-receive, many of the 
error estimates should be doubled. 


The effect of the radome on incident polariza- 
tion is thought to be of sufficient importance to 
merit detailed discussion, Radome error dif- 
ferences due to changes in polarization (either 
received or transmitted or both) are quite sig- 
nificani. Experimentally, it is usually possible 
to measure the errors introduced by the changes 
in polarization without too much difficulty, a 
procedure which is not always true for other 
types of errors, And polarization errors ara 
measurabie with both large and small radomes, 
Other. typesof errors often disappear asthe an-~ 
tenna-radome system increases in size, It is 
felt that reduction of the errors caused by po- 
larization changes would often reduce the total 
radome error sufficiently to fall within speci~ 
fications. If radome errors could be made the 
game for all types of polarization, they could 
probably be reduced to specifications ir most 
designs. 


4-16. Refraction 


Because the radome surfaces are curved, an 
incident wave does not, in general, emerge 
parallel to itself, This situation is true even 
when the inner and outer surfaces of the radome 
are parallel. In these circumstances, the di- 
rection of an incoming wave is shifted tuwards 
the cuter normal at the point of incidence, as it 
enters the wall, and away from the inner normal 
as it emerges from the wall, 


If the radome is replaced by concentric 
circles, as in Figure 4-17, the direction of shift 
can be examined more, closely with the ald of 
simple ray optics, At the point of incidence tne 
outer normal Ny is constructed, and at the point 
of emergence the inner normal Ng Is con- 
structed, The angle at the center formed by the 
two normals is called c. With reference to 
Figure 4-17, 69 = (6g +c), since 69 is an ex- 
terior angle of the long triangle. In a medium 
in which the index of refraction n is greater 
than one, the angle of refraction increases more 
slowly than the angle of incidence, As the angle 
of refraction is increased from ég to (93 +c), 
the corresponding angle of incidence increases 
from 04 to a value larger than (94 +c). Thus, 


01> 4 +e (4-6) 


This expression shows that the deviation ig 
toward the normal, 


Magnitude. In many situations the effect of 
beam refraction alone is sufficient to cover all 
the observed deviation. Simple optical ray 
tracing will often give an approximate magni- 
tude of what the theoretical radome boresight 
error is for one particular design and polari- 
zation, However, this type of analysis does 
net account for all the various types of polari- 
zation which might be incident on the radome. 
From optical methods, the beam deviation for 
small radomes caused by refraction is on the 
order of 0.8° in reasonable cases, To obtain 
this estimate of magnitude, from Figure 4-17, 





N, = outer normal 


Na F inner normal 


Figure 4-17. Rey Geometry Fer Concentric Circles 





sin 9, =n gin Go (4-7) 
63 =6g-C¢ (4-8) 
sin 64 =n sin 8 (4-9) 


where n = fe2/ € = index of refraction. 


The first expression gives 69, the second then 
gives 99, and the third gives 64, all in terms of 
64. The deviation is 

(64 +¢) - ey (4-10) 
and is known in terms of 4; andc, The value 
of ¢, which involves the radome thickness, is 
obtained by plane geometry. The calculation 
outlined is presented in full in Reference 1 with 
graphical representation and specialization to 
half-wave radomes. Independent computation 
from two of the curves yields \the value 0.85° 
for an unfavorable but not untypical case. 


Compensation. The effect of refraction can be 
partially corrected, sometimes,,by the intro- 
duction of a taper in the radome all thickness 
(see Section G) or in the thickness of the inner 
layer for sandwich radomes., \ 

4-17, The 


“17, Cavity <ffect (Antena ~-- Radome 
Interaction) 


Even when the antenna is matched, there is 
reradiation of received power. The area be- 
tween antenna and radome can be ‘considered 
to behave like a very low Q cavi As the 
distance between the two changes, \the cavity 
goes into and out of resonance, producing cor- 
responding changes in the power received by 
the antenna, The effect is approximgtely per- 
iodic, in many situations, with the period equal 
to 4/2, Because the change in distance| covering 
the range of maximum to minimum received 
power ts only 4/4, it is quite possiblé for the 
power to be at a maximum for one lybe of a 
lobe-switching or conical-scan system and at a 
minimum for anothgr. The crossover shifts 
position accordingly, ; 
\ 

The cavity effect can also bedescribed ‘from a 
viewpoint in which the radome is regarded as a 
tuner which increases or decreases the antenna 
mismatch, depending on its position. \ 


Magnitude, The magnitude of the cavity effect 
can be calculated for small radomes from ex- 
perimental data2 with the use of the Barker- 


\ 
\ 
\ 
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Lengyel equation for beam distortion.? That 
portion of their equation which expresses the 


differentia! lobe attenuation can So written 


u 
nna fg - 94) (A-11) 


where A = radome error 


ay,¢9 =the fractional decrease in the 
maximum power at the opposite 
scan positions with radome 
mounted 


269 = half-power beamwidth of the un- 
distorted patterns (crossover at 
half-power points), 


This effect can be experimentally checked if 
position of the crossover points versus distance 
from antenna to radome is measured, The cur- 
vature of the radome gives a changing aspect, 
which superposes a trend on the ex;;ected peri- 
odic effect. When this trend is subtracted, a 
Sinusoldal half-wave residual may result with 
an amplitude which gives the measure of the 
cavity effect. Correlation with the known 
"cavity" properties (that is, with experimental 
transmission versus distance) makes possible 
the checking of the calculation of the beam shift 
from differential lobe attenuation. 


For large radomes, the curvature also changes 
the impedance of the radome, but experimental 
measurements on large pointed radomes indi- 
cate that the variation in voltage standing wave 
ratio (VSWR) with offset angle is very low. 


Compensation, The radome error introduced 
by the cavity effect is directly proportional to 
the amplitude reflection coefficient of the 
radome, 


4-18. Variation of Transmission Coefficients 


Closely allied to the refraction and cavity ef- 
fects is the error introduced by the variation of 
radome transmission with angle of incidence, 
One lobe of the scan is incident on the radome 
at one angle, the other lobe at another angle; 
and the attenuation of each is different, Com- 
Putation of these attenuations must take due 
account of depolarization (see paragraphs 4-23 
through 4-29). Because the important rays 
from an antenna Go not all emanate from one 
point (not even from the point at infinity), the 
effect of different transmission coefficients at 
different incidences can be obviated by the use 
of a log spiral for the radome surface. This 
type of design only insures that a particular 
family of rays will see the same incidence 
angle. 





The transmission coefficient should really be 
concelyed of as an integration over a range of 
incidence angles, with due regard to the impor- 
tance of the various rays being considered. 
Since the summation over the emerging rays 
_ must take account of phase, the average am- 
plitude transmission depends also on the phase 
of the transmission. The effect of the trans- 
mission coefficients is really entangled with 
that of refraction. Since wavefronts and not 
separate rays are incident on the radome, the 
variation in phase shift along the wave front as 
it passes through the radome is the decisive 
factor in producing the error. A great many 
changes are introduced inta the emergent wave 
at any one instant, and the result isa composite 
shift in the wave front. A beam deviation may 
be predicted for a given lobe of the scan even if 
the radome transmits 100 percent over the 
whole range of incidence angles. 


Magnitude. For small antennas and radomes 
the effect of transmission coefficients on beam 
deviation can be on the order of 0,3°, The effect 
decreases with increase in antenna-radome 
size and decrease of fineness ratio. 





4-19, The Phantom Feed 


The radome wall is close to the feed, espe- 
efly at certain parts of the scan. The wall 
produces a feeble image of the feed, and the 
source which the paraboloid (reflector) sees is 
probably a distributed source consisting of the 
feed together with this image, Compensation 
can be accomplished by keeping the reflection 
low (paragraph 4-20) and the spillover small. 


4-20, Interference by Reflection 


The entire antenna maybe reflected in the ra- 
dome wall, on a bulkhead, or in a fuselage (Fig- 
ure 4-18), Antenna spillover (excess r-f en- 
ergy from the feed which is not contained with- 
in the dish aperture) will often strike the bulk- 
head, portions of the fuselage, and the radome 
mounting rings which are back of the antenna, 
This energy is reradiated and may introduce 
false signals, The overall antenna pattein is 
the pattern of this compoaite system, which 
changes in the course of the scan as the amount 
of spillover varies. As the pattern changes, the 
crossover locus also changes. 


Magnitude, Interference in the beam by re- 
flection gives deviations of about 0,05° for a 
radome with 10 percent reflection and of about 
0.3° for a bulkhea’ with 60 percent reflection, 
These magnitudes are for a 93-inch antenna; 
for larger antennag the effect is smaller. 
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Figure 4-18. Image of Antennu In Radome or Fuselage 


Estimates of the magnitude can he obtained 
through the use of the geometry of the antenna 
and its image (Figure 4-19). Tho amplitude 
pattern of ths antenna is A(9) and that of the 
image is rA(-6), where » is the effective re- 
flection coefficient. Esch pattern is referred 
to the vertex and axis of its own antenna. The 
pattern of the composite aystem is 


and 


Ke i 
A, ()=A(e)+ra(Qae-sye 9 I 


where d is the distance indicated in Figure 
4-19. 


The antenna ls cocked through offset angles 
+aand -a, The angle @ is then found at which 
the two powers, for cc, are equal. For an un- 
perturbed pattern, the crossover isa root 9 of 


|A(@ + a)|2 = [Ate - a)|? (4-13) 
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wavefront. __ 


Figure 4-19, Geometry of Antenna and Image 


If A(é) is symmetrical, ag is assumed, then 
@=0ijs a root, so that the value of the new 
crossover, for A4(6), is actually the value of 
the error which the image intrarduces, Hence, 
the error is the root 9, near @ = 0, of 


anal? 
= 5 


A@ +2) + rA(@p - 6 + a)e 








(4~14) 


a 


ul 


“4 
A@- 2) + rA(2¢ -6 - a)e 0 





This root can be found by Newton’s method: 
44 = 0g -—— (4-15) 


where zero 18 taken for 49 and the desired root 
for 4). A plot of this relationship for an an- 
tenna with uniform illumination will yield 
curves from which the estimate of order of 
magnitude can be made, 


The behavior of the crossover point may 
profitably be studied as a large plane sheet is 
brought into the vicinity, The dependence of 
the crossover on sheet reflection coefficient aa 
well ag on its aspect can be studied, The cav- 
ity effect can be canceled by quarter-wave 
motion, 


Compensation, Keep the reflection low. 


4-21, Trapped Waves 


Tt has been proved theoretically4 that because 
the radorne wall is not an infinite plane sheet, 
some of the radiation propagates along or in- 
side the dielectric and is reradiated from an 
grea near the rear or near the nose. The 
propagation {s similar to that in a dielectric 
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antenna, though the method of excitation is dif- 
ferent, This guided radiation combines with 
that of the antenna tn vield a narturhed nattorn 
and, hence, a boresight error, 


Magnitude. The error has heen calculated to 
be on tlie order of 0.4° of beam deviation in 
typical cases for small radomes, For large ra- 
domes the effect of the error is always less. 


All the trapped wave power is assumed to ra- 
diate from the nose as an isotropic source. 
The power in the trapped wave is estimated as 
1 percent in the literature, but this estimate 
applies chiefly to a semi-infinite plane, The 
small radome may be presumed to trap a good 
deal more, In Figure 4-20 the antenna ampli- 
tude pattern is A(6), as in the discussion of im- 
age reflection geometry, and the amplitude 
pattorn of the antenna Bie the trapped-wave 
source ig A(s) +r e7J2” /\9, For the sake of 
simplicity the magnitude r is taken as being the 
same for offset angles +: and -«, The same 
procedure as that used in the proof of the re- 
flection effect indicates that the new crossover, 
and the value of the boresight error, is the root 
@ near # = 0 of 


A(O-a) + ae T Ty 


| and 2 





(4-46) 

Th 2 
laws a) + ae Jed 
0 





As before, the principal term may be obtained 
by Newton’s method with ¢6=0 taken for the 
initial approximation. 


Compensation. Absorbers near the base of 
the radome may help in some situations. 


4-22, Depolarization 


If a linearly polarized plane wave is incident 
on a plane sheet with the incident polarization 
neither in nor perpendicular to the plane of in- 
cidence, the transmitted wave is usually ellip- 
tically polarized. In practice, the plane wave 
will be incident ci a doubly curved sheet, the 
radome, Generally, when an incident wave 
which is elliptically polarized pagses through a 
radome, the character of that ellipticity is al- 
tered, This efrect of the radome on incident 
polarization is called its depolarization effect, 
In addition to the depolarization caused by the 
radome, the transmitted (and received) wave 
may also be depolarized as a result of asym- 
metries in the antenna and by the cunfiguration 
and location of the target. Studies of antenna 





a 





Figure 4~20. Geometry of Antenna and Source 


gain and crossover position as a function of the 
ellipticity of incoming radiation and measure- 
ments of radome error curves with various 
states of polarization offer productive sources 
of information concerning this source of 
radome error. 


4-23, Polarization Phenomena 


In the analysis and design of radomes, one 
generally thinks in terms of transmission of 
plane electromagnetic waves through plane di- 
electric walls. The piane electromagnetic 
wave at the point of transmission through a 
wall can be resolved mathematically into two 
field components, one with the electric or E 
vector perpendicular to the plane of incidence 
and the other with the electric’ or E vector 
parallel to the plane of incidence, Each com- 
ponent of the resolved wave is tranamitted 
through the wall and recombined to give once 
again a plane electromagnetic wave. While the 
wave is in air, the tatio of the minor to major 
axes of the ellipse of the E vector does not 
change in either magnitude or phase. However, 
when the wave traverses the dielectric wall, 
because the transmission coefficients of the 
wall are usually unequal for perpendicular and 
parallel polarizations, the axial ratio and orl~ 
entation will change. ‘The only conditions under 
which equal wall transmission coefficients, Ty 
and T,, are present, and therefore no change in 
ellipticity or orientation of the wave occurs, 
are a zero angle of incidence or a dielectric- 
wall thickness (lossless materia)) of one-half 
wavelength for the angle of incidence. (Mathe- 
maiical proof of the second condition can be 
found in Volume 26 of the M.I.T. Radiation 
Laboratory Series.9) 


Because of the doubly curved nature of 
radomes and the continual variance of the an- 
tenna scan angle, the angle of incidence for the 
electromagnetic waves will not generally be 
optimum for all transmission points on the 


152 


radome, With these physical conditions exist- 
ing, there will always be a difference between 
tT, and fT). In addition, the difference in the 
transmission coefficients will vary from oue 
transmigsgion point on the radome to the nert. 
Thus, if a linearly polarized plane wave is inci- 
dent on a radome surface, the tranmmitted wave 
may be linearly polarized, olliptically polar- 
ized, or even circularly polarized, depending 
on the curvatire of the surface and the elec- 
trical thickness of the wall, Incident waver of 
other polarizations usually result in trans-~ 
mitted waves whicn differ considerably from 
those obtained with a linearly polarized inci- 
dent wave, 


In addition to the changes :n incident polari- 
zation which the radome may cause, asymme-~- 
tries in the antenna, such as curvatures in the 
reflector or nonsymmetrical feeds, may change 
the polarization. A change {n polarization of 
the emergent weve (caused either by antenna 
asymmetries during transmission or reception, 
by the radome, or by both) has the effect of 
varying the power of the target echoes received 
by the antenna. Since an error signal is essen~ 
tially a comparison of the difference in ampli- 
tude of target echoes received at several scan 
positions, the variallon in received power he- 
comes an amplitude modulation which gives 
rise to an error signal, The degree of error 
caused by the radome or by the antenna is in- 
dicated by the magnitude of the modulation in 
power received with scan angle, If the incident 
wave is received in such a manner that there ia 
no modulation in the power received, there will 
be no error. However, the wave usually does 
experience a change in polarization in travers- 
ing the radome wall and, correspondingly, there 
is modulation of the received power. The 
change depends on the portion of the radome 
traversed by fhe wave and on the polarization 
of the incident wave. And further, the variation 
of the power received depends on the pola. iza- 
tion characteristics of the receiving antenna. 


It has been assumed in the discussion that the 
characteristics of the incident wave, which is 
actually the energy reflected from the target, 
are known. In practice, this information is not 
generally known, A target illuminated by a 
plane electromagnetic wave of a given elliptical 
polarization produces a scattered field which 
may be analyzed in terms of two orthogonal po- 
larization components, The strengths «and 
phases of these components vary with the phy- 
sical configuration ard aspect angle of the tar- 
get, One component ic defined as having the 
polarization which ts matched to the receiving 
antenna, The orthogonal component may be 
viewed as a depolarized component, and will 








affect the error characteristics of the radome. 
The depolarization effecta of the antenna, the 
target, and the radome are discussed separ- 


atalu im tha fallautinaw anatiana 
ataly in the following sentions, 
4-24, Antenna Depolarization 


It has been experimentally determined that 
asymmetries in target-tracking antennas may 
fatroduce polarization changes anc asa result 
cause pointing errors, even in the absence of a 
vadome. Unpublished meaaurements made at 
Hughes Aircraft Company show that the elec- 
trical axes of conically scanning antennas shift 
ag the direction of polarization of a linearly 
polarized incident wave is varied (see Figure 
4-21). A theoretical discussion of pointing- 
error dependence on antenna polarization ina 
conical~scan system has been given by silver. 
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It should be emphasized that the three an- 
tennas utilized in the experimental investiga- 
tion (Figure 4-21 resulta) were not laboratory 
or prototyso modcig; they were standard air- 
craft radar antennas modified only to provide 
the various polarizations. 


In any analyses, the antenna contribution to 
the total pointing error should be added to the 
radome-caused error, Investigators should be 
aware that antenna asymmetries can and do 
cause changes in polarization characteristics. 
Conclusions drawn from measured "radome- 
error" curves should be carefully weighed so 
that the radome is not assumed to be the sole 
source of the errors, Serious conslderation 
should be given to the performance of the free 
(no-dome) antenna system. And it is recom- 
mended that, in the final design, the radome- 


' 

| questionable 
inull for lineor 
polorization 


0 30 60 90 120 159 180 
angle of incident polarization (degrees) 


(b) vertical deviation 


incident polarization 

——O-— 6-db right-hand elliptical, spinning feed 
——tr== jinear, spinning dish 

—wre— linear, spinning feed 


(Major oxis of antenna polorization is horizontal ) 


1 


Figure 4-27. Antenna Deviction as a Function of the Direction of Polurirovion of the Incident Wove; 
the Angle of Incklent Polarization is Zero When Both Antenne und Incident Polarization are Parallel 
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antenna system be considered as one integral 
unit. 


4-25, Target Depolarization 


As stated previously, the signal reflected 
from a target may be analyzed in terme of two 
orthogonal polarization componenta, with am- 
plitudes and phases which vary with physical 
configuration and aspect angle of the target. 
The dominant portion of the signal is usually 
due to specular reflection; and the system is 
usually designed so that specular reflection 
produces a reflected polarization which is 
matched to the receiving antenna, The depo- 
larized signal is usually several decibels 
weaker than the gepecularly reflected signal, 
The least depolarization from an aircraft tar- 
get seems to occur if the radar beam strikes 
the target broadside; maximum depolarization 
occurs with a tail chase.? The depolarized 
components can be experimentally determined 
by meana of measurements of the cross sec~ 
tiona of the radar echo, A radar cross section 
ia the physical area which must be associated 
with a scatterer (target) to account fur the 
magnitude of the echo return under the as~ 
sumption of isotropic scattering. In terms of 
the radar equation. 


G AZo 
ee cut 
(47) Ry Rp 





PaoP 


where P, = power received 

Py = power transmitted 

GT = transmitting antenna gain 

Gp = receiving antenna gain 
\ = wavelength 

Rr * distance from transmitter to scat- 

terer 

RR = distance from scatterer to receiver 

o = radar cross section of scatterer 


Radar cross section is independent of Pp, 
Py, Gp, GT, Rp, Ry, and A (at least for lim- 
ited variations in A), but it is highly dependent 
on the geometry associated with the trang- 
mitter, the ecatterer, and the receiver, If the 
transmitter and receiver are at the same loca-~ 
tion, as is usually true, the number of possible 
geometrical configurations is reduced and the 
cross section becomes a tunction oniy of the 
particular aspects of the ecatterer viewed; that 
ig, this dependence can be completely described 
in terms of the elevation and aspect angle 
shown in Figure 4-22, In addition to this geo- 
metrical dependence, radar cross section will 
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Figure 4-22. Elevation end Aspect Angles of the Targer 


in general depend upon the trangmitting and 
receiving antenna polarizations. 


4-26, Measurement of Radar Cross Section 


The method of measuring radar cross section 
can best be explained in terms of the radar 
equation, Equation (4-17). If this equation is 
rearranged under the assumption that the 
transmitting and receiving antennas are at 
approximately the same point in space, the fol- 
lowing equation is obtained: 


Pp 
R 
ozk— FR! 
Py 


(4=18) 


where R=Rp= Rp = range to scatterer 
k = (47)3/d 2GaGp 


If two targets illuminated consecutively by the 
same radar set are considered, then 


P 


et (4-19) 
l Py 1 
1 
P 
Re 
a ree 4 ” 

ogo he Rg (4-20) 
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where the subscripts identify the respective 
targets. Combining Equations (4-19) and (4-20) 
under the assumption of constant transmitter 
power (Pp, = Pr.) gives 


4 
Pry 1 
0, 203{—— }{ —- (4-21) 
PRo Ry 


From Equation (4-21) it becomes apparent 
that if 72 and Rg are known from previous 
measurements, then for evaluation of +1 only 
the values of Ry and (Pry )/(PRo) are needed, 

Absolute moasuromcits of tiamauiulied us te- 
ceived power are not necessary — only power 
ratios and ranges are needed. These param- 
eters are utilized in the technique of cross 
section measurements to be described. In the 
description of the technique,® it is assumed 
that the flight line of the target aircraft is as 
shown in Figure 4-22, although other flight 
patterns may be used, The choice would de- 
pend on the type of equipment available and the 
ease of obtaining the required data, 


4-27, Equipment for Cross Section Measure- 
ments 


The equipment necessary to perform the tests 
consists of two radar sets, an optical tracker, 
a calibrated reference target, and appropriate 
data handling devices, Figure 4-23 shows the 
manner in which thece elements are incorpor- 
ated into the test setup. The radar set should 
he capable of tracking a target and also of pro- 
viding range and angle data. Use of separate 
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transmitting and receiving antennas, each pro- 
vided with a means for charging the polariza- 
tion, results in a setup for measuring the po- 
larization of the energy scattered by the target, 
A cainera alined with the radar heam and oper- 
aied during tne tests can detect the quality of 
the tracking, and poor sections of the data can 
be eliminated, A second radar set, operated at 
a different frequency, is also used. In conjunc- 
tion with an automatic plotting board, this set 
is used to monitor the operation and to keep the 
aircraft flying in the proper flight patterns, 
The radar plot so obtaiued can be used to aid in 
the reduction and evaluation of the data. The 
reference target used can be a corner reflector 
with a relatively large cross section, This re- 
flector can be calibrated in the laboratory and 
mounted on a long pole located near the radar 
test range. 


The procedure for obtaining the necessary 
data involves the alinement and calibration of 
the various components of the equipment. The 
alinement requires the positloning of the trans- 
mitting antenna, the receiving antenna, and the 
camera so that all will point in the same direc- 
tion, The items requiring calibration are the 
target range data, the corner reflector range, 
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Figure 4=23, Test Setup for Redar Cross Section Measurements 
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the video data, the AGC data, and the corner 
reflector crogs section. During each pass of 
the target aircraft, continuous recordings of 
the video data, the AGC data, the range data, 
and the angle data are made, The continuous 
video and AGC data are averaged over sore 
interval of time (for example, 1-second inter- 
vals), and the cross sections are calculated by 
means of Equation (4-21), 


Results of Radar Cross Section Measure- 
ments. The cross section measurement pro- 
cedure described above was employed by 
Hughes Aircraft Company to obtain radar crosc 
section data at X-band on B-17, B-47, B-45, 
B-29, F-80, and F-86 aircraft, The data for 
the latter four aircraft were obtained only for 
the condition in which both transmitting antenna 
and receiving antenna were vertically polar- 
ized, For the B-17 (a propeller-driven bomber) 
and the B-46 (a tactical jet bomber), data were 
obtained for this condition and also for condi- 
tions of other polarizations. The measure- 
ments taken at constant polarization are pre- 
sented in Figure 4-24 and compared with sim- 
ilar measurements made by other organiza- 
tions, Although complete details associated 
with the measurements can be found in pub- 
lished reports, the following information rela- 
ting to the other studies is most pertinent: the 
Ohio State Antenna Laboratory,® model meas- 
urements (simulated 2600 megacycles) and 
‘vertical polarization; the Naval Research Lab- 
oratory,10 X-band measurements on full-scale 
aircraft and horizontal polarization; McGill 
Univeragity,11 model measurements (A = 25 
centimeters) and vertical polarization. 


The cross-section data under various condi- 
tions of polarization are shown in Figure 4-25 
for the B-17 aircraft. Each experimental value 
represents an average over +5° in aspect 
angle, For these measurements the distance d 
(shown in Figure 4-22) and the height h were 


5,000 feet and 2,000 feet, respectively. Meas- 
urements were also made at d = 0 andh = 3,000 
feet, and are shown in Table 4-1, Each ex- 
perimental value represents an average over 
2 1/2 degrees in elevation angle. 


The cross section data ior the B-47 aircraft 
are shown in Figure 4-26 for three different 
flight patterns. Each experimental value on the 
grapha represents an average over +5° in as~ 
pect angle. 


4-28. Cross Section and Scattering Relation- 
ships 


The electromagnetic scattering properties of 
any target can be completely described by a 
matrix, If this scattering matrix is known and 
if the transmitting and receiving polarizations 
are given, the relative radar echo from the 
target for theze polarizations can be calcu- 
lated, 12 


In this section the relationships between the 
scattering matrix and the cross section of an 
arbitrary target will be developed. Methods 
are outlined by which the radar cross section 
of this target can be evaluated for any polari- 
zation of the transmitting receiving antennas in 
terms of a finite number of known crogs sec- 
tion values.13 


Radar Cross Section (Generul Case). The 
configuration considered consists of a trans-~ 
mitter, a scatterer, and a receiver, The 
transmitter and receiver need not he at the 
same location, but in the theory developed it is 
assumed that the transmitter, scatterer, and 
receiver have a fixed spatial relationship. The 
relationship between radar cross section and 
the polarization of both transmitter and re- 
ceiver has been investigated under this fixed 
geometry condition. 


Tobie 4-111. B=l7 Radar Cross Section Meos urements for Flight Pattern No, 2 
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Figure 4-24. Radar Cross Section Measurements of Various Aljeraft at Constant Polarization 
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Figure 4-25, (Continved). B=17 Radar Cross Sections at Various Polarizations (Flight Pattern No N) 
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Figure 4~26. B—47 Radar Cross Sections af Various Polorizations 
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Figure 4=26. (Continued). B=47 Redar Croas Sections. of Various Polarlactions 
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Figure 4-26, (Continued). B=4? Reder Cross Sections ot Various Polorixations 
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Any tranamitting antenna can be character- 
ized by a vector } which is defined by the fol- 
lowing expression 4 


gt 2 70! qeike (4-22) 
7 aar 
where Et = electric vector of transmitted wave 
Zg = impedance of free space 
I = antenna current 
k = propagation constant 


r = distance measured from the trans- 
mitter toward the scatterer 


dX = wavelength 
e = 2.71828... 
A unit vector Ty cau then be defined in terms 
of the vector T by 


= x 
1" ity tT (4-23) 


where T* ig the adjoint of T. This unit vector 
can be expressed as follows: 


7 c cos ‘) (4-24) 
=1° \ sing 


where cus ¢ magnitude of horizental compon- 
ept of the tranam'tter 


sins magnitude of vertical component 
of the transmitter 


1 # phage difference between the 
components (phase angle of the 
transmitter) 


A few examples of T; are given in Table 4-IV. 


The scatterer can be characterized by a scat- 
tering matrix S auch that 


ET = sgt a (4-25) 


where ET’ = electric vector as scattered in the 
direction of the receiver 


Et = electric vector incident on scat- 
terer 


r = distance measured from scatterer 
toward receiver 


. 


For the case where the transmitter and re- 
ceiver are at the same aspect with respect to 
the target, the scattering matrix can be ex~- 
pressed as 


iy 
ge(*e B ) et (4-26) 
B Cel? 


Table 4-1V. Examples of Unit Vector Ty for Various Polarizetions 
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Transmitter Difference 
Polarization Between 
Components 
Linear — vertical ons 
Linear — horizontal ave 
Linear — 45° to vertical, 0 
I and IM quadrants 
Linear — 45° to vertical, " 
I and IV quadrants 
Circular — left-haud 2 
Circular — right-hand 37/2 





Magnitude of Magnitude 
Horizontal of Vertical 
Components Components 
(sin ¢) __(sin ¢) 
0 1 
1 0 
1/J2 1/J2 
1/{2 1f2 
1/[2 1/[2 





1/{2 1/{2 








where e“ has heen factored out, making A, B, 
and C real. (The equality of the off-diagonal 
terms is a result of the application of the re- 
ciprucity relationship; otherwise, the matrix is 
perfectly general.) 


The receiving antenna is characterized by a 
unit vector Ry. (This vector is analogous to 
the unit vector Ty; in fact, Ry and T, are iden- 
tical if the same ‘antenna is used to transmit 

and receive.) ‘The unit vector Ry can be ex- 


pressed as 
fal# cos ) 
R, = 
“1 ( sin ¢ 


where cosy = magnitude of horizontal component 
of the receiving antenna 


(4-27) 


sin’ = magnitude of vertical component 
of the receiving antenna 


f= phase difference betweon the com- 
ponents (phase angle of the receiv- 
ing antenna) 


The voltage at the receiver will be 


we 


Vv 


r* 8, E, (4-28) 


or 
Vy * Ry 87) (4~29) 
where Ry = transpose of Ry 


The cross section can then be expressed as 
a lv./2 (4-30) 


or for a fixed geometry15 


os KIR, st, |? (4-31) 
where K = constant 


The expression for cross section when ex- 
panded in terms of the notation introduced 
above becomes 
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o KYA) + B42 + C73 + (AB cos rig + 
(AB sin y) fg +[AC cos (, - a)]tg 
TAC sin & - Uf 4 (RE cos Ril (4-32) 


(BC sin 5) fg} 


where the f; are functions of a, 4, ¢, and 4, and 
their values are completely determined by the 
polarizations of the receiving and transmitting 
antennas. The theoretical cross sections, 
evaluated by means of Equation (4-32), for ail 
possible combinations of the polarizations 
given in Table 4-IV are listed in Table 4-V. 
(The tabulated cross section expressions are 
still correct if the transmitter and receiver 
polarizations are interchanged.) 


Radar Cross Section (Restricted Case). 
Equation (4-32) expresses the dependence of 
radar cross section on antenua configuration in 
its most general form. If the antenna polariza- 
tions are restricted to those for which the cor- 
responding polarization ellipse has its princi- 
pal axes oriented vertically and horizontally, 
then {4, f7, and fg are identically zero. Thus, 
in this restricted case, six coefficients are re- 
quired to define the cross section, and Equation 
(4-32) becomes 


a= K {Ay + Baty + C2fg + 
(AB sin yf, +[AC cos (y-0)] fg + (4-33) 
(BC sin 5)fg} 


Application of the Theory to Experiment. In 

principle, cross-section measurements must 
be made for seven different antenna configura- 
tions, three to determine A, B, and C, and two 
for each angle measured directly for a target 
in flight, since A, B, and C occur squared or in 
cross products and vary over a range of values 
as the target pitches, yaws, or rolls. AS a re- 
sult, only average values of the coefficients of 
the fj in Equation (4-32) can be measured and 
thus cross-section measurements must be 
made for nine different antenna configurations.16 
Once these coefficiants have been determined, 
Equation (4-32) may be used to calculate the 
average cross section of the target for a com- 
pletely arbitrary antenna configuration, It can 
be observed from Table 4-¥V that these coeffi- 
cients are related to the cross sections tabu- 
lated there; typically, 
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Table ¢=¥, Dependence of Cross Section cn Antenna Configuration 
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Theoretical Cross Section, Derived from 


Equation (4-32) 
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(B2 + (C2 +4 2BC cos 8) 
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Antenna Configuration 


Transmitter Receiver 
Polarization Polarization 


45° to vertical 45° to vertical 


(II and IV) (II and IV) 
45° to vertical Circular, 
(II and IV) left-hand 
45° to vertical Circular, 
(II and IV) right-hand 
Circular, Circular, 
left-hand left-hand 
Circular, Circular, 
left-hand right-hand 
Circular, Circular, 
right-hand right-hand 





KA2 = o (H,H) =o (x,y) (4-34) 
KC2 = o (V,V) (4-35) 
etc, 


where? (x,y) represents the cross section 
measured with transmitter polarization x and 
receiver polarization y. Thus, the nine coeffi- 
cients in Equation (4-32) can be determined by 
measuring cross sections corresponding to 
suitable combinations of the antenna polariza- 
tions listed in Table 4-V. 


For antenna configurations with, polarizations 
in which the polarization ellipses are oriented 
vertically and horizontally, only four antenna 
polarizations need be considered; (1) Linear 
vertical, (2) Linear horizontal, (3) Circular 
left-hand, (4) Circular right-hand, 


For these restricted configurations, a set of 
six independent antenna configurations would be 
sufficient, 


4-29, Radome Depolarization 


As the target moves or vibrates, the matched 
and depolarized components of the target echo 
signal scintillate in amplitude to produce a 
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Table 4—V,. Dependence of Cross Soctior on Antenna Configuration (cont) 





Theoretical Cross Section, Derived from 
Equation (4-32) 
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2AB sin y + 2BC sin 3} 


KA? + 2B2 4 C2 - 2B cos ¥ - 
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2AB sin y - ZBC sin 5] 


Kl a? + 4B? +¢?.~ 4AB siny = 
2AC cos (7 = 5) + 4BC ain 5 | 


K [a2 + C2 + 2AC cos (y - 8)] 


Ka? + 4B? + C7 + 4AB gin y= 
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very complex reflection coefficient. From an- 
other point of view, the signal received by an 
antenna can be regarded as scintillating in po~ 
larization as well as in amplitude. Since the 
radome error changes with the polarization of 
the return signal, the scintillation in pelariza- 
tion will be converted by the radome into ap- 
parent scintillation in position, This scintilla- 
tion in position results in scintillation noise in 
the receiver, which is added to ordinary ampli- 
tude and angular scintillation, The effects on 
the radome error of the different types of po- 
larization of the target echo are described in 
the remainder of this section. Some general 
observations are drawn which may be of value 
in design work, 


Experimental Measurements, Measurements 
of radome errors under various types of inci- 
dent polarization (target echo polarization) 
have been made for both missile-type!7 and 
interceptor-type4¥ radomes. Two series have 
been recorded for the interceptor-type radome, 
one using a 6-db right-hand, elliptically polar- 
ized receiving antenna, and the other using a 
ctreularly polarized antenna, Both missile- 
type radomes measured used right-hand, cir- 
cularly polarized receiving antennas, but one 
radome was a 2.5:1 ellipsoidal radome and ond 
was an ogive, : 





The interceptor-type radome employed ap- 
proximates a cone in shape and is conatructed 
of homogeneous material 0.920 inch thick, with 
a dielectric constant of 4, It is $0 inches in 
diameter and 52 inches long. Figures 4-27 and 
4-98 show the orsor curves chtained with 2 
6-db. right-hand, elliptically polarized receiv- 
ing antenna, The malor_axis of the incident 

, : wave was always aligned parallel to the major 
axis of the polarization of the antenna. 





Figure 4-27 presents the errors obtained 
when the incident polarization was linearly po- 
larized. The curves show that the errors re- 
verse in sign when the incident polarization is 
rotated 90°. Tests conducted with a linearly 
polarized receiving antenna also show that, 
when the incident polarization is rotated 90°, 
the errors reverse in sign, 


Figure 4-28 presents the error curves ob- 
tained when the major axis of the polarization 
ofthe receiving antenna was horizontal, Curves 

are given for incident waves of left-hand and 

right-hand circularly polarizations and for sev- 
eral elliptical polarizations. They show that the 
errors are lowest in in-plane at right-hand 

. circular polarization and in crosstalk at 6-db 

, right-hand elliptical polarization. Both in- 

plane and crosstalk errors are largest at left- 
hand circular polarization. Error curves 
measured with the major axis of the receiving 
antenna in a vertical position show the same 
trend as those of Figure 4-28, except that the 
in-plane error reversed in sign, 
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Error curves were measured for a circularly 
polarized receiving antenna with, first, a cir- 
cularly polarized incident wave of the same 
sense, and, second, with a linearly polarized 
incident wave. The curv1s show that the first 


weaker eemmetbe 2 dh Bimee e 2 KL! 2 ab 
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second results in the worst crror, both rela- 
tive to all the results obtained under the other 
states of polarizations. 


Both missile-type radomes measured em- 
ployed aleft-hand circularly polarized antenna 
as the receiving unit. The symmetry of the re- 
ceiving antenna might be considered to offer 
some advantages over a linearly polarized an- 
tenna, regardless of the incident polarization, 


The curves of Figure 4-29 are the mnasured 
errur curves of a 2,5:1 ellipsoidal radome as a 
function of the tlluminating polarization. Those 
in Figure 4-30 are similarly measured error 
curves for an ogival radome, Six polarizations 
were investigated with both radomes: (a) nearly 
left-hand circular (0.6 db of ellipticity); (b) $- 
db left-hand elliptical; (c) 6-db left-hand ellip- 
tical; (d) 9-db left-hand elliptical; (e) 12-db 
left-hand elliptical; and (f) linear. For each 
particular polarization investigated, four 
measurements of radome error as a function of 
offset angle were made: in-plane and crosstalk 
error characteristics for the major axis of the 
incident polarization oriented perpendicular to 
the antenna offset plane; and in-plane and 
crosstalk error characteristics for the major 
axis oriented parallel to the offset plane. 
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Figure 4~27, Intercepter-Type Radome Error Curves With Linear Incident Polarization; 
Receiving Polarization b=db, RighteHend Eillptical 
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Figure 4-28, Interceptor~T ype Radome Error Curves with Elliptical incident Polarization; Major Axis Horizontal, 
Receiving Polutization 6=db, Right~Hand Elliptical, Major Axis Horizontal 


Both sets of curves show that any significant 
change inthe relative orientation of the ellip- 
tical axes with respect to the antenna offset 
plane produces sizable changes in both cross- 
talk and in-plane error characteristics. Of 
particular significance is the fact that, with 
both the ellipse and the ogive, the most desir- 
able radome error characteristics were ob- 
tained when the incident polarization was 
nearly left-hand circularly polarized (antenna 
and incident polarizations matched), 


Analysis of Experimental Measurements, 


That the radome modifies the polarization of a 
wave which traverses its walls has been stud- 
ied and reported by many investigators (Ref- 
erences 17 through 25). The major factor in 
the effect of the radome on incident polariza- 
tions is the amplitude and phase distortion re- 
sulting from varying angles of incidence and 
orientations of the electric vector. This de- 
pendence can be illustrated by the transmission 
coefficients for a plane wave incident on a 
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plane homogeneous dielectric slab. As dis- 
cussed in Chapter 2 and elsewhere in this book, 
the transmission coefficients ‘ty and tT, are 
complex quantities and differ both in magnitude 
and phase, The range of variation with angle 
ef incidence is quite sensitive to the electrical 
thickness of the slab (see graphs of tolerances 
in Chapter 13). Another discussion with nu- 
merical values is given in the M.LT. Radiu- 
tion Laboratory Series, Volume 26, 


The effect of these factors on polarization 
may be illustrated as follows: a plane wave is 
assumed to be incident ona radorae, regarded 
as a streamlined surface of revolution. The 
wave is assumed to be linearly polarized, with 
the direction of propagation at an angle ¢ with 
respect to the radome axis. The x-axis is 
oriented to lie in the plane of incidence which 
passes through the z-axis, as shown in Figure 
4-31, The axes in the plane of the E vectur are 
designated ’ and 1, where ¢ is in the x-z plane, 
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Figure 4-29. Error Curves of Ellipsoldal Missile Radome With Various Incident Polarizotions 
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Figure 4=29 (Continued). Error Curves of Ellipsoidal Missile Rodome With Various Incident Polarixations 
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Figure 4437. Coordinate System ter Analysis of Linearly Polorized Wave Incident on a Radome 


In general, the E vector has an arbitrary orie:- 
tation with respect tothe ( axig, The antenna, 
in scanning, -will necessarily observe the 
wave through some two points P and P' on the 
aurface of the radome (Figure 4-31) located 
symmetrically with respect to the x-axis and 
determined by +4, 


The problem of radome crosstalk, or devia- 
tions of radar line-of-sight from the plane ¢ = 
0, is inherently concerned with the nature of 
the fields seen by the antenna at P and P’ and 
their effect upon the ability of the antenna to 


discern the direction of the incident wave with 

respect to > If the fields at P and P’ are iden- 
tical in every respect, then the receiving sys- 
“tem will indicate that the target lies in the x-z 
. plane. Any deviation from this identity will 
cauge the antenna to orient itgelf in such a 
fhanner as to make the response identical at 
some other point Q and Q’ and thus deviate 
from the true plune of offset, 


For the effect of the radome on the fields at P 
and P' to be determined, the incident E vector 
must be resolved into components which are 





~ 


parallel and perpendicular 10 the planes ot in- 
cidence at these two points, as shown in Figure 
4-32, The complex transmission coefficient of 
the radome wall ig a different function of the 
angle of Incidence for each of these compo- 
ucuis, In generai, the com onents parallel to 
the plane incidence will undevgo leas phage re- 
tardation and reflection loss upon transmission 
than the vertical component, After trangsmis- 
sion and recombination of the componente, 
there is, in generat, elliptical polarization in 
which the direction of rotation of the polariza- 
tion ellipses of each component will he as 
shown in Figure 4-33, The dixectiona of rota- 
tion or screw seuses of the transmitted com- 
ponents at the two points P and P‘ are opposite 
becauge of the relative phase of the components 
at these points, The radome thus introduces 
several types of polarization changes into the 
incident linearly polarized wave, Similar ana- 
lysis may be employed to show the effect for 
other incident polarizations. 


The preceding analysis is based on transmis- 
Sion of the incident wave at one angie of inci- 
dence on the radome. Because of the geometry 
of the radome, the characteristics of the trang- 
mitted Wave vary from une angle of incidence 
to the next. Therefore, the total effect of the 
radome on incident polarization can be obtained 
only 9%y integration over the receiving area of 
the radome; that is, the area or section of the 
radome through which energy passes and con- 
tributes to the power absorbed by the receiving 
antenna, This concept can be enlarged, with 





Figure 4-32, Plane of E Vector ~ Linearly Pelerined 
Incident Wave, Before Trenamissien Through « Redome 


175 


reference to Figure 4-34, where the conical 
Scan axis of the antenna is perpendicular to the 
paper and is pointed towards the reader, The 
path abcd represents the intersection between 
the center ray of the antanna and the outer evn. 
tour of the radome, The nose of the radame is 
to the left and away from the paper towards the 
reader (represented by point 0). The incident 
wave travels in the direction the reader ts 
looking and arrives normal to the plane of the 
paper. The plane FE, perpendicular to the pa- 
Per, is a plane of incidence for the wave Inci- 
dent at point E, and 4 is the angle between this 
Plane of incidence and the offset plane, Be- 
cause of symmetry, the crosstalk error {gs pro- 
portional to the difference in power received 
when the antenna is at position a and when It ig 
at position ¢c, A similar proportion, however, 
does not apply for in-plane errors, because an 
antenna beam with its central ray passing 
through point b is not oriented with respact to 
the radome precisely the same as is an antenna 
beam with central ray passing through d. 


An area centered about point b and another 
area centered about ¢ must be considered, and 
it is seen that the area centered at b has asso- 
ciated with it angies 4 which are greater than 
the angles aseuciated with the area centered at 
d. Thia difference in the location of the planes 
of incidence ig sufficient to cause a difference 
in the character of the ellipses associated with 
the transmitted wave, And, as with crosstalk 
error, a change in the polarization ellipse of an 
incident wave results in in-plane error, 


£ 





Figure 4-33, Plane of E Vector ~ Lineorly Polarized 
Incident Wave, After Tronsmissien Through a Redeme 
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Figure 4=34, View of Radome From Exterior 


Examination of the expression for polariza- 
tion efficiency, Equation (4-36), sheds further 
light on the relationship between antenna point- 
ing errors and changes in the ellipticity of the 
incident wave resulting, from trangmission 
through the radome wall.26 


; (14 rer)” + (rp * rn)? 
re res a rerenreemerczurememms af 
2(1 + rp) (1 + 242) 


(1- 1,2) (1 - 1,2) cos 28 
eee «| fund) 
a( + r,2) (14 1,2) 


where f = polarization efficlency, the ratio of 
the power received by an antenna of 
any polarization in any polarized field 
to the power received by a linearly 
polarized antenna polarized parallel 
to a linearly polarized field (with the 
power density of the fields remaining 
a constaat) 


ry = axial ratio of the receiving antenna 
(minor-to-major axis with + denoting 
left-handed and - denoting right- 
handed senses) 


r_ = axial ratio of the incident field 


+ 8= angle between the major axis of the 
receiving antenna and the major axis 
of the incident field 


+ for the same senses of polarization 


- for opposite senses of polarization, 


The effect on polarization effici cy of 
changes in the axes of the polarization cilipses 
is direct. For example, for circular polariza- 
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tion of the same sense for both receiving an- 
tenna and incident field, the polarization effi- 
ciency would be 1; since the polarization ellipse 
ig actually a circle in circular polarization, 
each major axis equaly each minor axis and 
their ratios are +1. For linear -- linear po- 
larization, f should algo be 1 (r = 0, because 
the minor axis = 0). For a circular receiving 
antenna polarization and a linear incident po- 
larization, the polarization efficiency would be 
0.60. Elliptical polarizations become more 
complex because of the infinite number of pos- 
sible ellipses. Polarization efficiencies range 
between 0 and 1, because the values of r {alt 
into this range, 


Equation (4-36) yields the order of magnitude 
of the relative power recelved at two opposite 
scan positions of the antenna. For final calcu- 
lation of the order of magnitudes of the radome 
error,a formula derived by Barker and Lengyel 
can be employed,” In the derivation of the for- 
mula it is established that the far-field power 
pattern should be written ag 


2 4 
pey21-S/2 Veh)... | (4-97) 
8 09 8 Ay 


where @ is the angle position and 2:9 is the 
half-power beamwidth, The slope of the pat- 
tern at half-power point is (-3/4 9), which ts 
very nearly the slope of a pattern for a uni- 
formly illuminated circular aperture, If a con- 
ically scanning antenna (crossover at half- 
power points), with only changes in maximum 
power as a function of scan angle is assumed, 
the error can be expressed as 


%9 
Risa: (ag - a) (4-38) 


where 4is the radome error and the o’s are 
the fractional decreage in the maximum power 
at the opposite scan positions when tho radome 
is mounted. In the expressions derived by 
Barker and Lengyel, other terms appear which 
involve the changes in beamwidth and shifts in 
the angular position of the main beam. The 
contributions of these terms are considered to 
be negligible in the foregoing analysis, 


Further examination of polarization efficiency 
through the use of Equation (4-36) can be used 
to indicate some trends which might be ex- 
pected when radomes are tested under var- 
fous conditions of polarizations, The agsump- 
tion ig made that radome errors are caused 
only by the variation (with conical scan) of the 
ellipticity of the waves transmitted through the 


radome. Of course, t..i9 assumption is not 
valid when other effects dominate: these ef- 
fects include error correcting obstacles, re- 
fraction, high loss in the radame walle, and 
diffraction created by the nose. The effect of 
depolarization of a radome (the changes in in- 
cident polarization caused by the radome) ts to 
change rm, the axial ratio of the incident field. 
The contributing factors to the pointing error 
of a conically scanning antenna are the rate of 
change of polarization efficlency with change in 
axial ratio of the incident field (df/drt) and the 
value of the polarization efficiency obtained at 
the states of polarization, that is, the values 
assigned to r¢ and to r,, the axial ratios of the 
incident field and the receiving antenna respec- 
tively. 


Rate of Change of Polarization Efficiency with 
Respect to rt. When the derivative (df7dr,) is 
taken with an arbitrary sense of polarization 
assumed, the result is 
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In this operation, it is assumed that 4, the 
angle between the major axis of the receiving 
antennas and the major axis of the incident field, 
remains constant. In general, this condition 
does not exist. However, since the variation in 
5 with respect to x~ is small, the condition is 
assumed for the analysis. When Equation (4- 
39) is set equal to zero and solved for Ms 

rp - 1 i 
Mrs aeons COH 18 f(r, 
ary ry 
(4-40) 


. 2 
cos? 26 + ar? | 


in general, when radome errors are imeas- 
ured, 5 = 0. Under this condition, Equation 
(4-40) becomes 


Rec et (4-41) 


If Equation (4-39) is differentiated with re- 
spect to r¢, the following expression is obtained, 
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Equation (4-42), when set equal to zero, gives 
the worst condition for rp and ry when radome 
error slope is the only criterion. For example, 
if ®=0 and ry = 0, rj = 0.577; or, if > - 0 and 
rr = 1, then rz = 0. 


If the condition given by Equation (4-41) were 
substituted into Equation (4-42), 


df og 


dr? (1+ 2)? 


(4-43) 


where re = ry =r. When r - 1 (whieh is circu- 
lar polarization), d2f/dr, is minimum, a condi- 
tion which is optimum for minimum error, 


Consideration of the Polarization Efficiency, 
Figure 4-35 is a plot of Equation (4-36) with 
the assumption that * = 0. The curves for the 
three values of ry show the relative amounts of 
power received for variations in rt of the jaci- 
dent wave. Careful investigation shows that, 
for small pointing errors to be achieved at any 
given set of axial ratios, not only ts the slope 
of the curves important but the relative values 
of the powers received must also be consid- 
ered, For example, an rt of 0 van be consid- 
ered with interest, then confined to ry's of 1 
and 0,50 (Figure 4-35), The slopes of the op- 
erating points A and B are approximately the 
same: and if a radome changes the axial ratio 
of rt by a finite amount which depends on the 
Position of the cunieal scan cycle of the an- 
tenna, it might be suspected at first glance that 
the errors would be the same at the two axial 
ratios of 1 and 0.50, However, this condition 
does not exist, since the fractional change in 
the powers received at two oppusite positions 
of the conical scan cycle must be considered, 
This fractional change is given in the deriva- 
tion of the Barker-Lengyel formula, Equation 
(4-11). For a given axial ratio change in rt due 
to the radome, operating point A will result in 
a larger fractional change in polarization effi- 
ciency than operating, point B. Hence, radome 
errors should be lower at operating point B 
than aj operating point A, 


The analysis of the effect of the radome in 
changing the axial ratio of the incident wave 
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Figure 4-35. Relative Power Received by an Elliptically Polarized Antenna 


appears correct when the predicted results are 
compared with the actual measured values of 
radome errurs. The analytical prediction that 
the lowest errors should result when r¢= ry = 1 
(a circwarly polarized receiving antenna with a 
circularly polarized incident wave of the same 
sense) is verified by experimental measure- 
ments such ag those shown in Figures 4-27 
through 4-30, The prediction that low errors 
result when rt = ry and that larger errors are 
found to exist with a circularly polarized re- 
ceiving antenna with a linearly polarized inci- 
dent wave is also verified by the measurements 
of Figures 4-27, 4-28, 4-29 (f) and 4-30 (f). 
And the analytical result that operating point B 
of Figure 4-35 should produce lower errors 
than operating point A is verified by the curves 
of Figure 4-28. From the measurements of 
actual radome errors under the various states 
of polarization, it appears that polarization effi- 
ciencies above 0.80 will result in errors which 


are comparable to those taken at a polarization 
efficiency of 1. Minimum errors can be ob- 
tained if the polarization of the incident wave 
and the polarization of the receiving antenna 
are circularly polarized and are of the same 
sense. 


This analysis then describes error behaviors 
as a function of the variations in polarization of 
a wave after transmission through a radome 
wall. The exact modification of the original 
incident-wave polarization produced by the 
radome wall was not given explicitly, The 
compiex coefficient Ty; defined in Chapter 2 is 
the same type of coefficient as the polarization 
efficiency f, and the expression for T, has been 
used in an analysis which indicated that, for a 
given incident polarization, a "matched" re- 
ceiving polarization is not alway§, the correct 
one for minimum boresight error, 2 


SECTION E, EFFECT OF RADOME ERRORS ON FiRE CONTROL AND GUIDANCE SYSTEMS 


It 1s Zairly common knowledge in the radome 
design field today that fire control radome 
errors adversely affect the accuracy uf missile 
and rocket firing, as well as the stability of 
the radar-autopilot-airplane loop, When the 
radome errors can be correlated with resulting 
fire control errors, the results can be used to 
specify the allowable errors in the intercep- 
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tor's radome, These specifications are 1m- 
portant in light of the compromise which must 
be made in the air-frame design between a 
low-error radome (high-drag "rounded" nose) 
and a large-error radome (low-drag ‘‘sharp" 
nose). Studies of sequential lobe comparison 
systems have found that the radome errors are 
most detrimental during the interceptor’s rock- 


\ 





et-firing mode of operation; the effect of er- 
rors in the interceptor's radome on the missile 
launching problem is not so significant, If the 
error limits imposed by the rocket-firing 
probiem are mei, the radar-auiupiivi-airpiane 
loop will be stable for the expected airplane 
response times, and the missile will be launched 
with the necessary accuracy to place it on 
the proper initial course, A typical analysis of 
the interrelation of radome error and fire con- 
trol error will be developed to show these re- 
sults in greater detail.26 


4-30. Effect of Radome Errors on Fire Con- 
trol Systems 


In the fire control system (conical scan) stud- 
fed in the analysis, the coordinate system 
shown in Figure 4-36 was used, The angle be- 
tween the line-of-sight to the target and the 
longitudinal axis of the aircraft is defined asc, 
This angle can vary from 0° to the maximum 
offset angle of the radar (about 70°), The angle 
between the plane of the interceptor’s wings 
and the plane through the longitudinal axis con- 
taining the line-of-sight is called {. It varies 
from 0 to 360° and lies between 0 and 90° when 
the target is above and to the right of the inter- 
ceptor, 


In general, the radome will bend the radar 
beam so that the apparent line-of-sight will not 
coincide with the true line-of-sight. In the 
analysis the in-plane error A? equals the value 
of ofor the apparent line-of-sight minus the 





value of o for the true line-of-sight, and the 
crosstalk error ‘. equals the value of © for the 
apparent line-of-sight minus the value of | for 
the true line-of-sight. 


Through the fire control equations associated 
with the lead-collision type of attack, the mag- 
nitude and the angular rates of change of the 
radome errors (for any arbitrary direction of 
the line-of-sight) can be related to the fire 
contro! "migs" caused by these radome errors, 
It is convenient to resolve the fire control 
"miss" into two components, M, and M:. 


The misa in yards in the plane in whicho is 
measured is the M. component, When the in- 
terceptor is on a proper firing course, the ge- 
ometry is such that the target is heading for 
some point on the interceptor’s longitudinal 
axis,* and consequently the target’s longitudi- 
nal axis lies in the plane in which © is meas- 
ured, When the rocket passes in f:ont of the 
target, M, is taken as positive. Therefore, Mc 
is the miss along the target’s fuselage in the 
special case of a direct beam attack, 


The M; component of the fire-control "miss" 
is the miss in yards perpendicular to the plane 
in which oc is measured; therefore, Mi is a 
miss perpendicular to the target’s fuselage. 


*Gravity drop and jump angles are second- 
order effects {n this analysis aud are therefore 
neglected, 


target 








plane of inteceptor's wings 


Figura 4-36. Definition of Redema Angles for Analysis of Error Effect on Fire Control Systems 
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This component is taken as positive in the di- 
rection of positive {; for example, a positive 
M, corresponds to the rocket passing over the 
target when the target comes from the right 
and passing under ihe iarget when ii comes 
from the left. 


The following expressions have veen derived 
for M, and My. 








adc) -Cc ao) (4-44) 


M, = 7 CyAo + Cg Bo 3-37 


ase) art) 


M,=- Ca +Cg (ae 45) 
F-= 
te 
where Cy, = Fj cosc+ ain? Or seen 
. F cos c-R 
Cg=F sin o 
Cg s Rte 
C4 = F sin®o 


Cs s dRty sin o 


F = rocket travel distance (in yards) 
relative to the interceptor 


I 
a 


rocket speed relative to interceptor 
at time of impact 


= time-of-flight of rocket 


range of target at time of firing 


“i 


range rate of target at firing 


u 


e DH DB 
& 


roll rate of interceptor at firing, 
takenus positive if right wing is go- 
ing down. 


Since the target is essentially a long rectan- 
gle, it is clear that My (the miss component 
perpendicular to the fuselage) should be kept 
smaller than M,. Both M, and M, should be a 
small part of the total ''miss" caused by all ad- 
verse effects combined. By means of published 
data the effect of any given values of M, and 
M, on the ey of kill of rockets can be 
determined.2? A reasonable design objective 
for an interceptor radome appears to be |M,| 
<1 yard; |Mo < fi yards. Values of My and M, 
which are compatible with the rocket firing 
problem have no significant effect on the mis- 
sile launching preblem. 


Figure 4-37 shows the plots of the coeffi- 
cients Cy, Co, Cy, C4, and Co in yards for a 
typical set of firing conditions: 
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target speed = Mach v.96 
interceptor speed = Mach 1.9 
altitude = 30,000 feet 


¢ = 0.2 radian per second 


The coefficients are plotted against >. For 
the particular set of conditions, this angle at 
firing does not exceed 22°, but for other speci- 
fic conditions it can assume somewhat larger 
values. (Consideration of the radome cesign 
problem must include the tact that when the 
true line-of-sight angle is » degrees, the actual 
radiation from the antenna passes through 
areas of the radome at angles which are both 
greater and less than c.) Also shown on the 
graphs of Figure 4-37 are folded scales which 
give 8, the angle between the paths of the in- 
terceptor and target. For a tail attack, 4 is 
taken as 0°, The range of the target at the 
time of firing depends on 4 for any given target 
speed, interceptor speed, time of flight of the 
rocket, and distance traveled by the rocket. 
The target range is thus a double- valued func- 
tion of o, and there are two branches of Cg and 
C5. Since R is also double-valued, Cy also has 
two branches. 


It is interesting to note that in an electrically 
symmetric system (that is, a system with a 
circularly symmetric radome and circular po- 
larization), A 2, a(/ 2)/4t, aA(Al)/ 90, and a(do)/ oF 
all vanish, so that only Ac and 0(Ao)/9o are sig- 
nificant, 


On the basis of these data, the order of mag-~ 


* nitude of the tolerances which will eventually 
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de set upon radome error can be estimated. 
When the effect of smocthing the angular data 
is taken into account, the derivatives turn out 
to be most conveniently specified in terms of a 
maximum allowable excursion of the radome 
errors in some interval. When the derivatives 
are so specified, the order of magnitude of the 
allowable radome tolerances, for the region ¢ 
less than 30° might be 


value of the coefficient 
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Figure 4~-37. Coefficients of Mies Equetion 
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leas than 2 mils 


may not vary more than 1 mil {n any 4° in- 
Ao | terval of o 


mav not vary more than 0.5 mil in anv 10° 
| interval of ¢ 


may not vary more than 0.5 mil in any 4° 
interval of o 

at 
may not vary more than 0.7 mil in any 10° 
intervai of ¢ 


4-31. Effect of Radome Errors on Missile 
Guidance 


Of the various types of missiles the homing 
missiles have the most stringent radome re- 
quirements. High boresighting accuracy and 
low loss characteristics must be provided so 
that errors will not be introduced into target 
positional information. At the same time aero- 
dynamic and material strength considerations 
must be fulfilled so that the missile can fly at 
supersonic speeds. As described in paragraph 
4-10, there are three types of homing missiles: 
active seekers, semiactive seekers, and pas- 
sive seekers. Since at the present state of the 
art semiactive seekers seem to offer the opti- 
mum combination of desirable factors, the dis- 
cussion of the effect of radome error on mis- 
sile guidance is concerned with this type of 
missile. Specific reference is made to the 
Hughes Falcon for the analysis.28 


4-32, Falcon Navigation 


The antenna of the Falcon missile consists of 
a conically scanning paraboloid mounted on the 
rotor of a precessed gyroscope. When the an- 
tenna and gyroscope are enclosed in a radome, 
the apparent Hne-of-sight does not coincide 
with the true line-of-sight. The angle 7, be- 
tween the apparent and true lines-of-sight 
(Figures 4-38 and 4-39) is called the radome 
error angle, or slmply the radome error, The 
components of this angle in and perpendicular 
to the plane of offset frequently are referred to 
as the in-plane error and the crosstalk error, 
respectively. As was noted in Section D, the 
radome error ig not a property of the radome 
alone, but rather depends on the complex elec- 
tromagnetic interactions of the complete 
radome-antenna missile body system. 


If the radome and missile structure are care- 
fully constructed and are axially symmetric, 
and if the receiving antenna and illuminating 
signal are circularly polarized, the radome 
error should have axial symmetry and thus 
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Figure 4=38. Radome Error Angulor Relationship in Two 
Dimensional (Simplified) Case 


should not be a function of roll attitude, If the 
polarization of etther the transmitter or re- 
ceiver is not circular, the radome error in 
general will not show axial symmetry. 


The Falcon seeker is sensitive not to the ab- 
solute orientation of the line-of-sight in space, 
but rather to the rate at which this orientation 
is changing. Correspondingly, it ig not pri- 
marily the radome error itself which affects 
navigation but rather the rate of change of the 
radome error with change in orientation of the 
line-of-sight relative to missile coordinates, 
Figure 4-38 indicates the angles of interest for 
the simplified nonrolling missile navigating in 
a plane, and the radome error derivative k is 
defined as 


k = d7,/d6 (4-48) 


The actual three-dimensional case ia shown 
in Figure 4-39, The definitions of the angles 4 
and 7, are the same aa thore in the simplified 
case fut need not be coplanar, Four component 
derivatives analogous to the k of Equation 
(4-46) are required to characterize the radome 
error completely; it ie convenient to define 
these derivatives with respect to the missile 
control coordinates, Since the angle ny is 
smali, it may be resolved into yaw and pitch 
components, 7~1 and 7,9, respectively, An in- 
finitesimal change in the line-of-sight can also 
be described by yaw and pitch components, dé 
and d4, respectively, The four radome error 
derivatives are: 


ky #37p1/2hy 
Kyg = 27¢2/264 
kg = 21p9/28g 
kan = np 4/262 


(4~47) 
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Derivatives k12 and k2] represent a cross- 
connection between the missile control chan- 
nela, motion of the target in one of the miasile 
coordinates causing an apparent motion in the 
other coordinate as well if these cross-deriva- 
lives have finile values, 


4-33. Appearance of Radome Error in Falcon 
Transfer Function 7 


The basic linearized proportional navigation 
guidance system of the Falcon missile, in the 
absence of radome error and under the ideal- 
ization of a single-channel nonrolling missile 
navigating in a plane, is indicated by the servo 
diagram of Figure 4-40, A flipper deflection 5, 
proportional to the measure line-of-sight ro- 
tation rate c, gives rise to an angle of attack « 
and thus toa rotation rate » of the missile vel- 
ocity vector, This sequence in turn reacta ono 
in accordance with the trajectory geometry 
equation, Other symbols used in Figure 4-40 
are Jefined as follows: 


p = d/dt (also represented by a dot) 
Q 


r= ratio of closing velocity to component of 
missile velocity along line-of-sight 


" 


static value of o/5 


T= time of flight remaining to collision 


Zm * missile control transfer function denom- 
inator (static value unity) 


Zo * aerodynamic transfer function denomi- 
nator, (6%/u 9? + Bige/wg + 1) 
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Figure 4-39. Redeme Erree Angular Relotionahip in Three 
Dimenstene! Case 





wg = natural weathercock frequency 


tg = aerodynamic damping constant 


navigation constant (static value 7/c) in 
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absence of radome error 
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It can be seen from Figure 4-40 that the tra- 
jectory represents a feedback luop between the 
output and input of the missile transfer func- 
tion. When the effecta of radome error are 
considered, the servo diagrain is modified. 
The apparent line-of-sight and the true line-of- 
sight now differ by the boresight error, as il- 
lustrated in Figure 4-38. To linearize the 
problem, the radome error derivative k, as de- 
fined by Equation (4-46), 1a assumed indepen- 
dent of the offset angle of the line-of-sight 
from the missile axis, The appropriate equa- 
tions are 


or Rot ny (4-48) 


Ny = ké = k(é -. a) = k(a +y¥o o) (4-49) 


target missile 
moneuver control 


aerodynamic response 














trajectory 
geametry 


pon ay 


! | 
\ r(Tp-2) | 


bes same sats tan ome 





Figure 4~40, Two Dimensional! Felcen Guidance Syatom 
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Figure 4—41. Two Dimensional Guldeuce System 
With Redeme Errer 


where @ = rate of rotation of missile axis, 


As is shown in the resulting servo diagram of 
Figure 4-41) the radome error intraduces 2 
second feedback loop between the output and 
input of the missile transfer function. 


With all the coefficients in the inner loop con- 
sidered constant, it 18 possible to replace this 
loop in the servo diagram by an equivalent 
straight-through transfer function, as indicated 
in Figure 4-42, where Zg represents the oper- 
ator (r,¢+ 1). Comparison with Figure 4-40 
shows that the overall effect of the assumed 
radome error is to change the missile transfer 
function Y (including aerodynamics) from 


Yq =A9/2m 2 (4-50) 
into 
(1+ kA 
= EEO: (4-61) 
ZmZq - oz, 


Since the static values of Zy,, Zp, and Z, are 
all unity, it is seen from Equation (4-51) thata, 
the effective navigation constant, is given by 


i-k 


A SS eet 
T= trp? 


(4-52) 


If the analysis is extended to the actual three- 
dimensional case, Equations (4-48) and (4-49) 
become 

or) s 7 +p} = oy + ky 4y + ko 50 (4«53) 
pg 2g + tpg og +Kyby + kyohy (A484) 
where the subacripts 1 and 2 designate the two 
misaile control channels in Figure 4-39, The 


resulting complete servo diagram is given in 
Figure 4-43 with Yq defined by Equation (4-50), 


4-34, Radome Error and Missile Stability 


A very serious effect that can arise from 
radome error is instability of the missile tra- 
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Figure 4-42, Equivalent Serve Diagram with Redeme Erer 
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Figure 4-43, Complete Falcon Guidance System with Total Redeme Error 


jectory, An unstable missile trajectory does 
not approach a collision courage but, instead, 
oscillates with increasing amplitude about such 
a course. Thia oscillation may build up to a 
point at which it overloads the control system, 
causing logs of control of the misaile, 


The two-dimensional cage is considered first. 
The atability of the trajectory is investigated 
by neglecting the trajectory geometry feedback, 
If the remaining transfer function Y is unsta- 
ble, ve trajectory is classed ag long-range un- 
stable, 


For ¥ to be stable, it is necessary that the 
static value Abe positive and that ail the roots 
of the characteristic equation 


Zm Ziq - Kr Zy = 0 (4-55) 


have negative real parts. Since Ap is always 
greater than unity, the first condition applied to 
Equation (4-52) requires either that k\¢ be less 
than unity or that k be greater than unity. Only 
the first alternative is found to be of practical 
significance, It is found that the transfer func- 
tion Y becomes unstable if the parameter kp 
falls outside a critical range of values (the 
quantity Kp is the d-c loop gain of the radome 
error feedback loop shown in Figure 4-41), 
Apart from the general requirement that k\y be 
less than unity, the limits of this critical range 
depend upon the numerical constants of the 
system. If kvg is neglected, with reapect to 
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unity, an approximate expression for the 
radome error stability limits is the following: 


E - Tyr gut +Jo(7, + ra) (1 =) 
ap? (4-56) 


$22 qufog) = Jokrg7, 0 


where 71 and rq represent roughly equal time 
lags. If the frequencies “9 and (71 r2)"2/2 are 
well separated, as usually is the case, then the, 
real part of Equation (4-56) {s satisfied ap- 
proximately at each of these two frequencies, 
Approximate stability limits for k\g may be 
found, therefore, by a solution of the imaginary 
part of Equation (4-56) at these two frequen- 
cies, respectively. 


Positive Radome Error himit, If wp is much 
larger than «4 = (71 79)"4/4, then in the neigh- 
borhood of the latter frequency the radome 
stability limit is approximated by 


T1472 


Ag = - (4-57) 





Ts 

where the low frequency damping constant is 
set equal to zero. Curves indicating the accur- 
acy of this approximate expression are given in 
Figure 4-44. It follows from Equation (4-57) 
and from the additional requirement that be 
positive that the long-range stability restric- 
tions which apply to positive radome error de- 
rivatives are 


ee 


(1) kAg must be less than 1 when 
(4-58) 
Ts < TY} +79 





(2) kA must be less than T+ 72 when 


Ts 


Tg >r] +7TQ (4-59) 


The first limit is exact; the second is approx- 
imate, The first limit is applicable to the mis- 
sile at low altitudes and the second, at high al- 
titudes. When the first stability limit is ex- 
ceeded, the instability is at zero frequency, and 
the missile turns steadily away from a colli- 
sion course instead of toward one, When the 
second stability limit is exceeded, the missile 
trajectory oscillates with increasing amplitude 
at a low frequency whose period is determined 
primarily by the time constants 7) and 79. 


The aerodynamic parameter 7, is a function 
of air density and increages at higher altitudes, 
Correspondingly, the stability limit on positive 
radome error derivative becomes increasingly 
tight at higher altitudes. 


Negative Radome Error L Again, if «9 
is much larger than (Ty 7)” 2, then in the 
neaghborhood of «gq the requirement that the 
high frequency damping constant tg remain 
positive yields, as the long-range stability re- 
striction on negative radome error derivative, 


Kg must be greater than 


(4-60) 
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Figure 4~44. Ratio of Exact To Approximate Positive 
k dg Stability Limit for ry > 19 
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Figure 4—45. Ratio of Exact Ta Approximate Negative 
k Xo Stability Limit for Ty Ty 


Curves indicating the accuracy of this ap- 
proximate expression are presented in Figure 
4-46, 


If the radome error derivative becomes more 
negative than the above limit, the missile be- 
comes unstable at approximately the weather- 
cock frequency, and the weathercock oscilla- 
tions increase with time instead of dying out. 


The aerodynamic parameter ratlo fy w/T, 
decreases rapidly with increasing altitude, and 
the stability Mmit on negative radome error 
derivative becomes exceedingly small (on the 
order of -0,01) at maximum altitude. 


Analytical and simulator studies have shown 
that the trajectory feedback tends to increase 
the effects of positive radome error derivative 
and to decrease the effects of negative radome 
error derivative. The simulator studies have 
also shown that, if the positive radome error 
derivative is as large as two-thirds of the lim- 
iting value for long-range stability, the miss 
may be several times larger than with no 
radome error, even in the absence of noise, 
On the other hand, the negative radome error 
derivative can be equal to or slightly outside 
the long-range stability limit, and with no input 
noise the miss remains relatively small. 


The foregoing stability analysis applies to 
each of the two missile control channels indi- 
vidually. The radome error cross-derivatives 
Ki, and Ka also affect the stability of the ac- 


tual three-dimensional trajectory, because of 
the small closed loop which they introduce into 
the overall system. Similar analysis, with 
some extensions, shows that the amount of 
cross-coupling which can be permitted depends 
upon the amount of direct radomeerror deriv~ 





ative which is present, and the true stability 
limit 1s a joint one involving k and [k k, . If 
J & ly 24 


there is any cross-coupling present, a smaller 
amount of direct radome error derivative is 
tequired iv cause insiabiliiy, Larger amounis 
of cross-coupling can cause instability even if 
the direct radome error derivative is zero. It 
should be uvled, however, that the effect of 
radome errors on guidance accuracy becomes 
pronounced long before the system becomes 
unstable, A typical curve of guidance miss due 
to scintillation noise as a function of positive 
in-plane error slope alone is shown in Figure 
4-46, 


4-36. Radome Error and Navigation Conatant 


A quantity of fundamental importance in a 
proportional navigation syatem is the naviga~ 
tion constant A, defined ag the steady-state ratio 
of the rate of turn of the missile to the rate of 
rotation of the line-of-sight (¥=A¢). This zero 
frequency gain of the missile transfer function 
Y is affected by radome error. Accordingly 
then, the navigation constant in the presence of 
radome error \ is related to the navigation 
constant in the absence of radome error Ag by 





»k 
= n (4-61) 
7 0 
1 Kg 


As can be seen, the ad eee constant be~ 
comes infinite when k This condition 
corresponds to the inatantitty at zero fre- 
quency mentioned previously. If the radome 
error derivative is negative, a maximum limit 
{a get on the available A; even if Ag is infinite, 
\ 1s equal only ta «(1 - )/k. 


With most radomes, the radome error deriv~ 
ative, k, is a function of the antenna offset angle. 
As a result, the navigation constant of a missile 
varies throughout ita flight and may depart sig- 
nificantly from the optimum or desired value. 
To maintain a reasonable probability of kill, this 
variation of navigation constant cannot be 
allowed to be excessively large — a restriction 
which constitutes one of the most important 
limitations on radome error for the tactical 
missile. 


4-36. Radome Error and Response to Nolse 


It has been shown that a finite radome error 
derivative changes the transfer function re- 
lating the line-of-sight angle o to the flight- 
path angle ». Even when the radome error 
derivative is of insufficient magnitude to pro- 
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Figure 446, Increvee In Miss Due to Positive In-Plane 
Errot Slope When Guidance System is Excited by Scintillation 


duce instability, it still may produce marked 
changes in the response of the missile to 
acintillation noise. 


Simulator studies of missile trajectories have 
shown th! with negative radome error deriy- 
atives as large as the stability limit, the rms 
miss due to scintillation noise is not signifi- 
cantly altered, even though the rma lateral ac- 
celeration is greatly increased. However, the 
Umit on positive radome error derivative im- 
posed by noise is much tighter than the limit 
imposed by missile instability. Ifthe radome 
is not to cause excessive decrease in the prob- 
ability of kill when considerable amplitude 
scintillation noise ie present, the positive ra- 
dome error derivative generally must be less 
than one-fifth the limit set by stability con- 
siderations. 


4-37, Secondary Factors in Radome Error 
Analysis 


The above discussion has introduced a brief 
analysis of some of the more important factors 
influencing radome error. There are several 
other factors which will not be discussed 1 
detail but must be brought to the reader’s at- 
tention. 
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In addition to two principal time lag, there 
are usually ‘several other smaller time con- 
stants involved. Such time lags tend to reduce 
the missile response to noise, Because of the 
naAdltinnal mhoa aw wb dMe eehd ake FL kw 
WAMARA AE OLedeed = te = NEA Wrdtat ah LID Y LER UML, 
however, these small time lags might make the 
radome error stability limits even tighter. 


Another influencing factor is the polarization 
of the incoming signal. This factor can affect 
the missile navigation in several w::s, de- 
pending on what combination of signal polari- 
zation, receiving antenna polarization, and roll 
control is used. The effect of polarization on 
radome error is discussed in detail in para- 
graphs 4-23 through 4-29, 


4-38. Nonlinear Radome Error Analysis 


In the analyses which have been summarized 
in the preceding sections, it has been shown 
that a radome error derivative which falls out- 
side a certain range of values leads to an un- 
stavie irajeciury, These analyses deait with a 
linearized version of the problem. All para- 
meters were assumed to be constant, and the 
radome error derivative k was assumed to be 
independent of the offset angle 4 of the line-of- 
sight from the missile axis. it is possible to 
obtain useful results by considering k as a func- 
tion of 8, which is thecase in thephysical prob- 
lem. Though at the present time such analysis 
igs not conclusive or complete, nonlinear ra- 
dome error analysis appears to promise some 
relaxing of the limit on positive radome error 
derivative. It seems possible that the positive 
radome error derivative limit can be relaxed 
over a limited range of anglus. 


SECTION F, PREDICTION OF RADOME BRRORS 


4-39, Radome Size and General Approaches 


For convenience of discussion in radome error 
prediction techniques, radomes are divided into 
two general groups: large radomes and smail 
radomes, The large radome is characterized 
by an antenna aperture of more than 19 wave- 
lengths in diameter, a circle of clearance be- 
tween antenna and radome on the order of one 
or more wavelengths, and small wall curva- 
tures compared with wavelength, All other ra- 
domes are considered to be small, The line of 
demarcation between the two general groups is 
rather nebulous, and, undoubtedly, radomes 
exist that could fall into elther group, Ags far 
as prediction methods are concerned, it is ad- 
visable to classify these radomes as small, 


Large radomes are associated with small 
boresight errors, usually no greater than a 
few mils in the nose area for a well-designed 
radome. Most large systems are designed to 
transmit fairly narrow beams which are highly 
directive, and it {gs usually assumed that the 
antenna does not see much of the radome area 
at any one look angle. For these reasons the 
angles of incidence at which the energy reaches 
the wall of a large radome do not vary appre- 
ciably, except in the nose area, and errors that 
might be introduced are low. The distance be- 
tween antenna aperture and radome wall in the 
large systemsacts asanother error-minimizing 
factor; any radome !s a scatterer (secondary 
raciation source) in the system, but the per- 
turbations caused by a large radome in the 
transmitted field will be somewhat less than 
thoge of a smal! radome for two reasons: (1) 


The separation between radome and antenna 
aperture in a large system allows for a better 
defined field, and (2) the energy region adjacent 
to theantenna 1s very sensitive to any obatacles, 
but the farther away the radome is, the less of 
an obstacle it appears to be. 


In large antenna-radome systems, the varia- 
tion in boresight error in supposedly similar 
radomes, due for example to a lack of concen- 
tricity, ia frequently of the same magnitude as 
the error itself, The variation makes diffi- 
cult the correlation of theory und experiment in 
any error-prediction method. Most current 
prediction techniques are directed toward the 
calculation of boresight error curves by meaus 
of geometrical-optics methods or modifications 
of these methods, For large radomes simple 
ray tracing is frequently used and except in the 
nose area, often predicts errors with sufficient 
accuracy to recommend its use alone. Another 
technique that has been found very useful in 
large radome applications {s based on an angu-~ 
lar-magnification method and was originally 
applied to lens design. The technique makes 
possible rapid beam-shift calculations for a 
large section of the radome and requires only 
the use of a slide rule or desk calculator. For 
the parts of the large radome that have radil of 
curvature comparable to wavelength (chiefly the 
nose portion), phase-retardation methods must 
be employed. 


Small radomes inherently have fairly large 
boresight errors for several reasons. The radii 
of the wall curvatures are the same order of 
magnitude as the wavelength in the small an- 





tenna-radome systems, and the angles of inci- 
dence for any look angle will vary widely. The 
antenna may see the entire side of the radome 
at one look angle. The comparatively short 
distance from radome wall to antenna aperture 
makes the radomie appear io be a large obstacle 
in the radiated field inside the radome. The 
various scattering effects (reflections, images, 
etc.) will introduce perturbations which make 
the field inside the radome extremely complex. 
Consequently, it is extremely difficult, if not 
impossible, to analyze exactly any changes in 
that fleld that may occur as the field traverses 
the radome wall, As was mentioned in Section 
D, radome errors generally increuse in size ag 
the antenna aperture decreases in diameter. 
Figure 4-47 shows the comparative positions of 
antenna aperture and radome for a typical small 
system (a) and for a typical large aystem (b). 
In the small system, an aperture of 5 inches 
diameter and a radome length of 10 inches are 
assumed, With a wavelength of, say, 1.3 inches, 
a maximum of only 7,7 wavelengths separate 
aperture from radome. In contrast, the large 
system has an assumed aperture diameter of 
20 inches and a radome length of 72 inches, 
With the 1,3-inch wavelength there would be a 
maximum of about 65 wavelengths separating 
the two scatterers in the system, Furthermore, 
in a gmall radome-antenna system the small 


[inches 4 


T d* § Inches 
i 27 AL Inches 
wavelengths 
(a) 


paso 72 Inches 


d approximately 55 wavelengths 


i 


(b) 


separation (antenna and side of radome) may be 
on theorder of a small fractionof a wavelength, 
whereas for a large radome-antenna aystem the 
separation is a wavelength or so. The possible 
potential affact of the small radume on the fed 
contained within it ts appreciably greater than 
that of the large radome. 


There are a nember of approaches towards 
accurate prediction of boresight errors in the 
small radome-antenna systems; others are 
being developed. None of the several methoda 
has as yet produced a completely general me- 
thed of approach, primarily because the fields 
inside the small radome have not yet been ac- 
curately analyzed. Because of the complexity 
of the mathematics involved, the standard me- 
thod cf approach can only involve the deter- 
mination of the fields by some approximation, 
A few of the prediction techniques for small 
radomes will be discussed briefly to illustrate 
the current approaches to the problem, 


In general, the following statements can be 
made about prediction techniques:29 


a. For the large radome, there are at least 


three approaches that yield accurate prediction 
of boresight error, 
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Figure 4~47, Comparative Impartance of Radome in (co) Small and (b) Large Radome~Antenne Syatems 
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b. For the small radome, no one method has 
consistently predicted boresight error ac- 
curately, although sevcral methods have met 
with limited success, 


a 4A 


2-40, Geometrical Uptics (day Tracing) 


The use of geometrical optics inf the design of 
radumes has been practiced by every radome 
designer and manufacturer of radomes at one 
time or another, Though more sophisticated 
procedures are required for many types of ra- 
domes, ray-geometry andcylndrical-symmetry 
applications should not be overlooked, Many 
times these simplified methods are of sufficient 
accuracy ‘o turn out the required radome. The 
techniques can be used for an approximate pre- 
diction of average beam shift caused by a ra~ 
dome30 and are particulariy useful with large 
radomes. 


In the most simple methods of 1ay tracing, a 
central beam is assumed to originate as a plane 
wave from the antenna aperture, The ray is 
traced through the radome wall, and tha devia- 
tion introduced by the radome is calculated, 
The analysis generally makes use of a geomet- 
rical model, Parallel surfaces can be shown to 
have a common normal at corresponding points 
and to have simply related radii of curvature, 
If arbitrary cylinders are replaced by their 
osculating circular cylinders, a cimple formula 
can be obtained for the ray deviation introduced 
by curvature, An approximation for small cur- 
vature and one for a dielectrie constant near 
unity can be made, It can also be shown that 
the beam deviation wild increase with the di- 
electric conatant for constant thickness but will 
increase and then decrease when the thickness 
ie half~wave,. 


Yt is iirst assumed that the radomie 1s part of 
a cylinder (not necessarily circular) and that 


N= normal to the surface 


A = common ray direction 
of Incoming radiation 





Figura 4=48, Cylindrical Radome 


-~-—- dielectric constant.« 





Figure 4-49, Crose Section of Radome Perpendicular To 
Elements of o Cylindar 


rays represeit the electromagnetic energy. 
The rays are parallel to one another and per- 
pendicular to the elements of the cylindrical 
wall (Figure 4-48), Sufficient symmetry is 
ussumed sc that sideways deviation of the beain 
is neglected ag far as ray geometry alone ik 
concerned, The common ray direction is de- 
noted by a unit vector A, and the normal to the 
surface by MN. The vector A is fixei, while N 
changes from point to point on the surface, At 
a given point a plane can be passed through A 
and N tntergecting the surface In two plane 
curves. Except for terms O(a2) in the thickness 
{a), the piane curves may be replaced by their 
circles of curvature. ‘Figure 4-49 representa 
the situation obtained when circles are con-~ 
sidered. The probiem is reduced to two dimen- 
sions and all terms of (a/r)“, where r ig the 
radius of curvature, are neglected, By Snell’s 
Law and with reference to Figure 4-49, 





6, gino 
eT fe . 
sin i) sin Gg : (4-62) 


and the law of sines gives 


sin 9, sin 99 





aaron (4-63) 
r-a r 
Equations (4-62) and (4-63) give 
a 
sin @= 1--—sin uy (4-64) 
r 


showing that the relation of 4, to ¢ does not in- 
volve the dielectric constant ¢. 





Since C= 9 = 9, Equation (4-62) can be used 
to show that 


«sinc =sin¢, (€ - sin? ne 7 (4.85) 
sin 6 (€ - sin” agin 
Now the beam deviation 5 is 
5 = 5) - (6 +0) (4-66) 


By proper simplifying approximations when 
small curvatures are considered guch that 
a/r tan? 6<«1 (4-67) 


the deviation 5 is obtained from Equations 
(4-64), (4-65), and (4-66): 


8 yA (sin 8) [ sec 6 - 


tout a] 27 


This relationship is plotted in Figure 4.50, 


(4-68) 
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The curves of Figure 4-50 Indicate }b ‘ the 
beam deviation increasee with the dielec.ric 
constant, other things being equal, and according 
to Equation (4-68), the limiting value is (a/r) 
tan 6. If a half-wave wall construction is used 
for a given angle of incidence, 


2 ,-1/2 
a=(n \/2 (e - sin? 6) (4-69) 


(n= 1,2,3, . .) 


As the dielectric constant increases, the wall 
thickness decreases, and tt would appear that 
the beam shift would decrease too, so that 


5 =(R)eu 6 - sin? 67 1/2 
2r 


. (4-70) 
[see 6 = (e - stn@ a2) 


Equation (4-70) ia zero for « = 1 and ap- 
proaches zero for « + ©, Since the expression 
ig positive, it must have one maximum, which 
is found to occur at 
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Figure 4-50, Approximate Beem Devietion for Concentric Circles 
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Figure 4—§1, Approximate Boom Shitt for « Radome n Half-Woves Thick 


eu4-3 sin? 0 (4-71) 


and to have the value 


na 
5 ax — & sec 6 (4=72) 


Thus, the reduction in thickness given by 
Equation (4-89) is sometimes sufficient to off- 
set the increased beam shift predicted by Equa- 
tion (4-68), It should also be noted that under 
the present considerations the worst possible 
¢ for a solid half-wave wall occurs between I 
and 4. Graphical presentation is given in 
Figure 4-51, 


The various rays must be combined after 
transmission to give a sort of “average devia- 
tion." For small deviations the angle tz nearly 
equal to the component of the error vector A’ 
- A, as shown in Figure 4-52, By Equation 
(4-68) it can be seen that the shift of each ray 
is toward the normal of the surface at the point 
of obgervation. The average shift should then 
be in a direction away from the radome apex, 
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and this prediction is found to be true, The 
average beam deviation of radomes with several 
layers, as in sandwich radomes, can be pre- 
dicted by repeated use of these relations. 





Figure 4~52, Error Vector 
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The chief recommendation for the use of cylin- 
drical symmetry and ray geomeiry is the sim- 
Plicity of che techniques. They do, however, 
have shurtcomings: radomes encow.ered in 
praction are certainly not evlindrieal. and the 
metiiods fall to account for crosstalk deviation. 
The latter fuillure is inierent in any scalar 
theory that tg bound to predict nero crosstalk 
for every system that has as much symmetry 
as those in use. A definitive theory can be found 
only by the inclusion of polarization in the 
analysis, 


The calculation of ray deviations through a 
radome may be -egarded as a preblem of de- 
termining the optical angular magnification of 
the radome. A prediction technique that follows 
this type of approach is the M' method. The in- 
plane error of a given radome canbe calculated 
and is a zeroth approximation tothe true error. 
From work done at the Dalmo-Victor Company 
the technique can be briefly outlined.29 


4-42. The M' Method 


The radome is considered as a lens of weak 
magnification and the angles of incidence are 
not assumed to be large. Layout of the radome 
for the M’ method is shown in Figure 4-53, The 
in-plane error is calculated Jor each look angle, 
and an error curve is plotted from the data, 
For “ach look angle a family of general rays is 
drayn so that each ray is parallel with the axis 
of the reflector or antenna aperture. At the 
polnt at which each ray strikes the inner sur- 
face of the radome a tangential sphere is con- 
structed with the same radius of curvature as 
the radome at thet point. An optical axis is 
drawn parallel with the radome axis from the 
center of the sphere to its edge. The distance 
along the optical axis from the center of the 
tangential sphere to the intersection ofthe opti- 
cal axis with the tangential sphere is termed U 
and is a parameter in the prediction equation. 
The distance U will be different for each ray at 
each look angle, since the tangential spheres 
wii! all have different centers. 
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Figure 4~53. Radome Leyout for M‘ Error Prediction Method 
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The ray deviation (4w’) can be expressed as 





Avr = (M' - l)w (4-73) 
where 
1 1 
ae ages, oe 
ISAK ay 1 


Aw’ = ray deviation or in-plane error 
w = look angle 
U = distance along the optical axis between 
the point of intersection of each ray with 
its optical axis and the intersection of 


that optical axis withthe tangentia! sphere 
for the ray 


De = —— 


“0 


Dj, = dioptric power of outer surface of radome 





+Do 


Dg = dioptric power of inner surface of radome 
t = thickness of radome 
n= index of refraction of radome 


The results of a prediction by the M' method 
of the error introduced into 4 central ray by a 
typical large radome are compiled in Table 
4-VI with comparative data obtained by a geo- 
metrical-optics ray tracing method. Both 
methods predict errors less than 1 mil; the 
measured in-plane error of the radome was 
also less than 1 mil for look angles greater 
than 10°, 


Table 4—-VI, Comparison of M' and Geometrical 
Optica Ray Tracing Methods for Central Ray 
with Typical Large Radome” 











Predicted Beam Deviation 
Caused by Radome 





Look Angle, w 
(degrees) 







M' Method | Geometric Optics 



























6.2041 0.0195 0.3022 
10 0.0192 0.0833 
25 0.0176 0.0429 
35 0.0159 0.0281 
45 0.0184 


0.0138 


*Measured in-plane error less than 1 mil for 
w 2109, 
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The method is quite general and can be ex- 
tended to cover any type of sandwich radome 
structure, but more accurute results will be 
obtained with large radomes than with small 
ones. Symmetry is assumed in the radome so 
that the method does not take crosstalk into 
account. In addition, since polarization is 
ignored, resulta are meaningful in magnitude 
only, not in sign. 


4-43. Antenna Modification Method 


When a small radome or the nose area of a 
large radome are to be studied, more refined 
methods of prediction are required than the 
optical methods described above. The variation 
in incidence angles for rays emerging from 
different parts of the antenna becomes appre- 
ciable; so does the change in phase and ampli- 
tude suffered by different rays as they traverse 
the radome. In view of these facts reasonably 
accurate information cannot be obtained on 
purely geometrical optics bases. A _ slightly 
refined ray-tracing technique appears to be a 
tairly good approach. 9 


A well collimated perfectly plane wave is as- 
sumed to emerge from the antenna with an am- 
plitude variation that follows the theoretical 
taper of the antenna. Rays perpendicular to the 
antenna aperture are then traced to the radome 
surface, and the incidence and polarization 
angles are noted. Secause of the polarization 
dependence of the transmission coefficients, 
the rays must be divided into parallel and per- 
pendicular components. Flat panel data and 
local transmission coefficients are used next 
in the calculations of the phase and ampli- 
tude changes as the rays traverse the wall. 
After a number of rays originating across the 
face of the aperture are traced through the ra- 
dome wall and the changes in amplitude and 
phase are noted, the radome is removed and 
the antenna aperture distribution is reconstruct~ 
ed to reflect the effects of the radome. The 
reconstructed or modified aperture distribution 
is integrated in the usual manner to yield the 
far-field patterns. This method is discussed in 
detail in Chapter 13. 


The change in beam parameters in a para- 
bolic beam approximation (that is, angular 
beamshift, fractional change in beam ampli- 
tude, and fractional change in half-power beam- 
widths) can be calculated by means of a com- 
parison of the theoretical antenna patterius with 
the patterns obtained from the ":- .iiructed 
distribution. For conical-scar =~. ...as the 
calculations must be carried oui fo. ihe two 
extreme spin-scan positions for each look 
angle. The in-plane error or the change in 





crossover point ia obtained by use of the for- 
mula derived by the Princeton Group, The 
formula was improved by Barker and Lengyel31 
by matching the beam shape at the crossover 


paint, I reduced farm, the evnraesion ts 


69 1) 
b= (ay = 04) =e Bg - Fy) + 
3 2° 74 g 2 i (4-75) 


1 (35 4 39) 
ea 


where 20) = half-power beamwidth 


8 =fractional increase in width of 
beam at half power 


§ = shift of the maximum in radians 
(or degrees) 


a = fractional change in power at a 
lobe maximum; subscripts 1 and 2 
refer to opposite positions of the 
conical scan 


4-44, External-Equivalent-Aperture Method 


In the antenna-modification method the direc- 
tion of energy travel through the radome was 
arbitrarily assumed, Furthermore no 2ccount 
was taken of reflections inaide the radome — 
the modified aperture distribution was obtained 
trom a single transmission coefficient, for each 
ray. Further refinements in ray-tracing tech- 
niques have been used which consider these and 
other problems of the near-field distribution 
A procedure nepresonte Hye of those employed 
by several investigators92,99 ts as follows: 


radome wall 





antenna 
reflector 


radome axis 


A phase and amplitude front is determined 
experimentally on a plane across the antenna 
aperture, This plane is subdivided into a con- 
venient number of squares or other shapes. 
With each unit is avancinted a value of whose 
and amplitude, Rays are then traced whose 
initial amplitude and phase are those of the 
units from which they originate and whose 
direction is determined by the best normal to 
the phase at the rays’ points or origin. At the 
radome wall, for each polarization, the rays 
are split up into transmitted and reflected rays, 
and each one of these is traced to an imaginary 
external plane (Figure 4-54), It will usually be 
necessary to consider higher order reflections, 
as well ag the reflections from each surface of 
discontinuity. In the transfer of the rays 
through the walls, flat-panel, transmission 
coefficients are used. The total fields obtained 
by addition ofall rays at the imaginary external 
plane are then uged as on an equivalent aper- 
ture distribution, The far-fleld patterns are 
finally computed from this equivalent distribu- 
tion in the conventional manner, 


4-45. Error Prediction Based Directly on 
Maxwell's Equations: Radome __ Scattering 
‘Technique 


Basically, the scattering technique4 regards 


the radome as a source of perturbation or of 


scattered fields, The electromagnetic fields 
due to this source are measured (for each off- 
get or scan angle) and combined by means of 
iteration with the corresponding fields due to 
the antenna without the presence of the radome, 
The boresight shift is determined by a com- 
parison of the two field configurations, The 
electromagnetic formulation is of necessity 


imaginary plane 


Figure 4=54. Redeme Leyeut for EquivelentoE xternalAperture Prediction Technique 


fully three dimensional; none of the usual optic 
or plane-wave approximations is made, and 
flat-panel transmission and reflection coeffi- 
cients are noi emninved| The same formuls- 
tion is used in analyzing the scattering from 
dielectric rings in Scattering by a Thin Dielec- 
tric Ring under paragraph 4-56, 


Derivation of the Basle Integral Equation. 
Maxwell's equations for electromagnetic fields 


in a dielectric of volume V and with a time 


variation of the form e7/“ are: 

D-:k B= yvH 

VX E = JupeH = 0 a+ jJweE =0 (4-76) 
V+ E=0 v'H=0 


where afl symbols have their usual meanings. 
Similar equations hold in free space, if « and 
» are replaced by «gq and ug, respectively, 


The electromagnetic fields in the problem are 
the sume as those that would be generated if'a 
distribution of virtual currents were present 
instead of a dielectric, To rephrase the prob- 
lem in these terms the following notation is 
assumed: 


S = surface bounding the volume V 
J = virtual current distribution inside V 


Here 
€u 
r++ cg) B (4-77) 
The vector potential can then be written: 
Ag?) =u J rae =“ (4-78) 


where P and Q represent field und source 
points, respectively, and 


foro 
The subscript p refers to the perturbation (or 


scattered) fields; these can be calculated from 
the perturbation potentials, 


Ag Fow (4-79) 


When « * ug, one finds the electric field from 
VoV.A 
ee —-<~ , resulting in 
“00 
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JA oR 
E,(P) =t, fag? J E(Q) “orn OY - 
(4-60) 
jaoR | 
e 
-E Vv ~~ dS 
fa EQ)’ Fp 


with fr = €/€Q 


E(Q) = total electric field 
n = outward normal to 8 


Equation (4-80) is an integral equation relat- 
ing the perturbation fields to the antenna fields 
and the physical properties of the radome. 
Since E(Q) - E,(Q) + Eo(Q), the equation must 
be used for two separate calculations: 

a. Determination of E(Q), that is, the effect 
of the presence of the radome on the field in the 
volume occupied by the radome itself. 


b. Calculation of E,,(P), that is, the far-field 
effects of the perturbation sources, 


For the second set of calculations, the fol- 
lowing approximation is usually made: Some 
convenient origin 0 in or near V is assumed 
with r= m ras the vector from 0 to P (m being 
a unft vector), If g denotes the vector from 0 
to the point of integration Q, then 


1 
R=r-m-g+0(2) 


I only the first two terms are retained, 


Equation (4-80) reduces to 
[ (ine 7 EQ) 


"Mom +8) av| E(Q) = Eg(Q) +Eg(Q) (4-82) 


Techniques of Solving the Integral Equation. 
It is clear that solutions to Equation he §0) or 
to Equation (4-82) cannot be obtained in closed 
form. The starting data are the measured 
fields (Ep) in numerical form. While it would 
be possible to fit these data in some polynomial 
approximation, the complicated geumetry of 
most radomes prevents exact solutions. Nu- 
merical methods are therefore resorted to, 
and three methods have been considered: 


(4-81) 


el&o" 


E,(P) a7 pt -eg 2) Se mx 


a. The Grid Method, Suppose Fp(P) denotes 
an approximation to E p(P); then F(P) = Eq P) 
+Fp(P) is an approximation to E(P). It is pos- 
sible to define an error term 


bs f R(Q) - R” @) dV (4-83) 


where the R's are definedin such a manner that 
they vanish when F(P) = E(P). The radome 
volume is now covered by a grid of N points 
sufficiently close together; the approximation 
F,(P) ia assumed as due to contribution from 
the N points: 


N 
Fp(P) = > .3mEp®) (4-84) 


n=1 


The error term then becomes 


N N 
b= > >. Rmn 2m ar (4-85) 


meln=1 


which is minimized by equating the 9 %/a,, 
and 36/0 a* to zero for n = 1...N. This 
procedure gives N linear equations in the N 
complex a',8; these equations are solved, the 
results are substituted into Equation (4-84), 
and Fy (P) is obtained. 


b. Stationary “hase Approximation.. The 
second method considered depends on the fact 
that the integrals in the integral equation have 
integrands involving the product of (e)“0%)/4nR 
and the internal electric field. If the internal 
electric field tole es like a plane wave, 
it contains a factor » where x is the coor- 
dinate in the direction of the wave, The two 
exponential factors are responsible for the 
change in phase aa the point of integration 
moves about in the dielectric shell, 


Consider a straight line drawn outward from 
the point of observation R= 0. Suppose for 
simplicity that x = 0 when R= 0. On this line 
the ratio R/x remaina constant, and the expon- 
ential argument 165R + j4x increases linearly 
as R increises. However, on some lines, the 
factor of proportionality is zero, so that the 
phage remalus constant. The Hnes are all 
those lying on a cone (which might be called 
the "cone of stationary phase") with an axis 
that is parallel to the direction of propagation 
of the interior electric field and to which ele- 
ments are inclined at an angle equal tothe com- 
plement of the critical angle for the dielectric. 
On one side of this cone the phase increases as 
R iucreases, and on the other side the phase 
decreases as R increases. The contributions 
to the integral from the region near the cone 
add together and reinforce each other, The 
contributions from the region well away from 
the cone have a tendency toward mutual cancel- 
lation. 
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The dielectric sheet is approximated locally 
by a flat sheet, which fits as closely as pos- 
sible to the curve of intersection of the cone of 
stationary phase and the surface of the dielec- 
tric sheet. The integrals in the integral equa- 
tion for that flat sheet are evaluated on the 
basis of the assumption that the electric fleld 
is essentially plane in the region of importance 
in the integral, since the cone of stationary 
phase occupies only a limited region near the 
point of observations. This process gives rise 
to what may be considered a flat-plate theory. 
However, it is not the usual sort of flat-plate 
theory. In the usual theory, the dielectric shell 
is approximated by a flat plate whose two sides 
are tangent to the shell in the local region of 
interest. The plate is held fixed in the deter- 
mination of the field at all points of the local 
region. In the present theury, the orientation 
and thickness of the fitting flat plate change 
from point to point and depend on other proper- 
ties of the shell than its thickness alone, These 
differences may be expected to give a more 
accurate theory than the usual flat-plate theory. 


c. Lumped Fields Method. Another approach 
is to divide the radome into a number of circu- 
lar disks on the order of a wavelength in dia- 
meter, The point is to "hump" the local behav- 
jor of the electric field in each disk ina way 
that can be handledand to use the basic integral 
equation to tle together the fields in the differ~ 
ent disks. The electric field throughout each 
disk must first be expressed in terme of the 
field at the center, For these expressions it is 
assumed thar the internal field in the disk ia 
approximated by twu plane waves whose direc- 
tions of propagation may be set at will but may, 
in particular, be given the directions that the 
internal waves in a flat sheet would take when 
acted upon by the local electromagnetic field 
considered as a plane wave. If the direction of 
propagation is so set, a good deal of plane 
sheet theory can be applied to simplify calcula- 
tions of the local fields, 


Calculations of the total field at the center of 
each disk by integrations over each disk and 
summation over all the disks are then possible. 
The problem reduces to a set of linear equa- 
tions in the unknown fields at the centers of the 
disks. A least squares and successive approxi- 
mation theory can be used rather than direct 
solutions of these equations. 


All three methods are considerably complex, 
The grid method, to provide sufficient accuracy, 
requires an excessively large number of points 
taken, The stationary phase method is hamp- 
ered by the difficulty of fitting the sheets to the 
cones of stationary phase. The lumped-field 
technique looks the most promising of thethree. 


4.46, Spherical Mode Transformation Techni- 
que 
Tha os anllad ephertoal mode tranafarmation 


technique proposes the use of spherical mode 
series for the calculation of the antenna near 
field from free apace near-field data meagured 
over a spherical surface. Mathematics that 
derive the analytical expressions used in the 
technique are based on the work of Bailin and 
Silver,2© but the application is unique. The 
calculated near field is used in a subsequent 
calculation of the power pattern of the far field, 
and the radome error is derived from the far- 
field pattern expressions. An important feature 
of the spherical mode method is that it handles 
offset and scan variations ina relatively simple 
manner. The same set of measured data can 
be used for each offset or scan angle, at least 
for a symmetrical antennd field. Another fea- 
ture is that variations in offset can then be 
directly carried to the far field through the 
formulas. A brief outline of the technique 
follows. 


It is well known that the coefficients of spher- 
ical mode series for the free space spherical 
components of E and H can be obtained if the 
values of tangential E are known on the surface 
of a sphere. The series and coefficients in the 
most general case have the forms indicated in 
the following Equations (4-86) to (4-95), When 
rotational symmetry of the antenna field with 
respect to some axis obtains, considerable 
simplification can be made. 
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In these formulas r,6,¢ = spherical coordin- 
ates-about the center 
of the data sphere, 


a= radius of the sphere 


P,™(cos8) = associated Legendre 
polynomial 


hy (2) ar) = (outgoing) spherical 
Hankel function 


These series converge atall points exterior to 
the sphere, 


it is proposed to obtain these series from 
meagurements of tangential XH, in amplitude 
and phase, at a number of points on the surface 
of a mathematical sphore surrounding the 
radiating system and contained inside the given 
radome, The sphere is contered at the inter- 
section of the gimbal axis with the antenna 
offset plane, 


Althouyzh the measurements are taken witha 
fixed antenna offset, the variation in tangential 
E resulting from changes of the offset angle can 
be accounted for by a rotation of the data values 
through the given increment of angles. Near- 
field values at a point are therefore obtainable 
through a resumming of the mode series with 
only an appropriate change in the angular co- 
ordinates, the coefficients remaining the game, 
The mode series evaluations of the free space 
field comp ?ientsare used to obtain teir values 
at points that lie on the inner surfac of a given 
radome, 


A formula of J, H. Richmond9? ig employed 
for calculations of the power function at a given 
far-zone observation point. The calculation in- 
volves the combination by means of Equation 
(4-96) of the previously found free space an- 
tenne field components at points lying on the 
inne: yadome surface with the field compon- 
ents arising at these points due to a plane wave 
impinging on the exterior of the radome from 
the point of observation and with the antenna 
absent. 


Ve, #)=Cy fO* Hp’ Eq - ax Bp: Ha) ds 
(4-96) 


where V = the voltage induced by the antenna- 
radome system at the terminal of an 
antenna at the far-zone observation 
point 


Cy = an inconsequential constant of pro- 
portionality 


8 = inner radome surface 


Ey Ha* free space field vectors of the an- 
tenna 


Ep, Hg = field vectors arising on S due to 
plane wave impinging on the outer 
radome surface from the direction 
of the observation point, as calcu- 
lated with the antenna absent 


From the far-field pattern expressions thus 
obtained, the radome error is derivable, The 
transmission of the field of the plane wave to 
the interlor surface of the radome is a difficult 
problem. It is possible, however, that this 
calculation can be carried out with sufficient 
accuracy by the use of plane-wave, plane-sheet 
transmission coefficients in the standard 
manner. 





In the spherical mode technique, the following 
assumptions and approximations are made: 

a, The measurement of the free space tan- 
gential E components can be made without 
large perturbations of the antenna near field, 

b, The field on the inner radome surface with 
the radome present is essentially the same ag 
the free space field. 

c. The field on the inner radome surface due 
to the impinging plane can be calculated with 
sufficient accuracy by some practical method, 
for example, by plane-wave, plane-sheet trans- 
mission coefficients, 


4-47, Radome Boresight Errors in Monopuise 
Systems 


A formula has begn derived at the Glenn L, 
Martin Company by which the boresight 
errors of monopulse systems can be deter- 
mined ‘and applied in the design of radomes. 
For any given monopulse system the theoretical 
boresight error curves of a radome can be 
calculated, The bovesight error formula ts 
derived first fur a phage-comparison mono- 
pulse system (two-dimensional configuration), 
and the experimental data required for utiliza- 
tion of this formula in calculation of boresight 
error are outlined, The procedure is extended 
to include calculation of errors occurring in 
amplitude-comparison monopulse systems, 
Differences in derivation of the borosight error 
formula for the amplitude-comparison systems 
are noted, Two types of amplitude-comparison 
systems are discussed: those with vcanning 
apertures and those with nutating feeds. The 


sum pottern~_. 
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work was performed specifically for the simul- 
taneous lobe-comparison systems, but very 
strong similarities were found to exist between 
the error criteria of amplitude-comparison 
monopulse systems and those of conical-scan 
systems. 


4-48, Derivation of Boresight Error Formula 
for Phase-Comparison Monopulse 


The phase-comparison monopulse system lis 
considered to have two apertures, A and B 
(Figure 4-85), Each aperture can be considered 
as having its own pattern, but both patterns are 
identical and point in the same direction — 
normal to a line connecting the phase centers 
of the apertures. A differance in amplitude 
between the feeds of each aperture does not 
change the direction of the maximums or mini- 
mums of either the sum or the difference pat- 
tern, If an amplitude difference does exist, the 
difference pattern will not have an absolute 
null, and poorer system sensitivity will result, 


It is necessary to know what effect a phase 
difference between the phase centers of the two 
apertures will produce on the direction of either 
the swn pattern or the null of the difference 
pattern, The illumination of the left aperture 
is designated A and that of the right aperture, 
B (Figure 4-66). Both iluminations have simi- 
lar far-field patterns, which are normalized 


and designated Fo. At an angle of arrival at 


the apertures, 6, “measured from the antenna 
axis), the received voltage will be advanced by 
t/2atB and retarded by {/2 at A, where ¢ ts 


difference patterns 


individual pattern 
“of aperture B 


phase center of 
aperture B 


Figure 4~55. Twe-Dimenaienal View of Phase~Comparinen Menepulse System 


the total phase difference between the aper- 
tures. The far field in the direction 4 1s given 
by . 


B= FP, axp . <| + Fy exp [. i t (4-97) 


where Fp = the normalized far-field composite 
pattern caused by all the feed 
apertures 


The normalized far-field is given by 


E = F cos . (4-08) 


where F =the normalized far-field pattern 
caused by each aperture 


t - 2B sin 9 +5 = total phase 
difference 
between one 
aperture 


(4-99) 


where 5 = thephase difference between the two 
apertures introduced by the circuits 


If there is no phase difference in the circuits 
(8 = 0), then { = 0 on the crossover axis (6 = 0) 
and, as can be seen from Equation (4-98), the 
maximum intensity would be the cum pattern, 
If 8 = 180°, which would mean that the two channels 
are out of phase by 7, then the intensity in the 
@= 0 or crossover direction is given by 


0° + 180° 


‘Eu F cos = F cos — =Q (4-100) 





This expression gives the null or crossover 
axis where Gis sero and where the two chan- 
nels are out of phase by 180°. Ifa radome is 
added to the antenna system, it may introduce a 
alight phase difference 7 into both channels. 
When both channel voltages are subtracted, the 
condition is obtained in which’ = 1-7. Then, 
from Equation (4-98) 


E = F cos EP sine + 90 -N 40 (4-101) 


If Equation (4-101) ix solved for any angle of 
arrival at the apertures (6) with the conditions 
that F # 6 and the nis small, then for E to 
equal zero, 


antenno oxis 
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Figure 4~56, Ilusination of Eoch Aperture in Two-Dimensional 
Phare Comparison System: D, Distence Between the Aperture 
Phase Centers; Q Angle of Arrival ef the Aperturen; (, To 

tal Phase Diffarence Between the Apertures 


2D nin 6 + 90° - 7. « 90° 
X 2 


sin 6 = 20° ~ 90° + 0/2 _ nd 


(nD)/A 2nD 
O« sin7? ne « bo (4-102) 
nD 


Equation (4-102) defines the in-plane error 
introduced Ly the radome, since the arrival 
angle 6 is equivalent to the rotation angle that 
the antenna would inscribe in Lining up the 
virtual target direction with the antenna null 
direction. 


The analysis of the boresight error criteria 
permits three conclusions: 


a. The pattern rotates clockwise or counter- 
clockwise as the phase difference caused by the 
radome, 7, is negative or positive, respectively, 
and increases from zero to 4n, 


b. The in-plane error direction can be com- 
pared with the null direction of an electrically 
scanned null lobe. If the phase difference, n, 
were controlled and electrically changed in the 
aystem, then the null could be caused to scan. 


ce. For a given phase difference, 7, the in- 
plane error do can be reduced by increasing 
the diameter of the aperture. This relation can 
be seen by tha in-plane error formula Equa- 
tion (4-102) and conforma with the empirical 





fact that large apertures and radomes give 
smaller boresight errors than smal] antennas 
with small radomes. 


The in-plane error formula, Equation (4-102), 
looks very simple, but it becomen auitea cum- 
bersome when it is remembered that the phase 
difference must be known not only for each 
Particular antenna pointing angle but clan for a 
number of angles of arrival in the region of 
expected errors. For calculation of the exact, 
location of the null position, the pattern of the 
hull region must first be obtained, since tha 
phase error introduced by the radome, 7, Ia a 
function of the radome configuration. A first 
approximation of the in-plane error can be ob- 
tained by the determination of 7 in the original 
nul direction, The location of all sources can 
therefore be neglected because the total phase 
lag at the apertures, 6, would be zero and ali 
distribution vecturs have simply to be added. 
The 7 in the original null direction can pe used 
in the formula as a first approximation of the 
in-~p‘ane error, 


4-49, Experimental Data Required for Calcu- 
lation of the Tn-plane Error 


1, The radome is located in a coordinate 
system such as is illustrated in Figure 4-57, 
The equations of the outer and inner 1adome 
surfacesare given by F'(X', Y’) and F"(X", ¥"), 
respectively. The offset point of the antenna {s 
the origin of the coordinates X and Y, The off- 
set positions are simulated by the rotation of 
the radome. The rotation angle is designated 
as 4, and the radome coordinates are obtained 
by the transformation formulas: 


X' =X cos f+ Y sin § (4-103) 
= Y cos / - X sin J (4-104) 


antenna aperture 





Figure 4~57. Coordinate System For Circulation of The In-Plane 
Evraz. {}= Rotation Angle of Rodeme; Pay =Locetion of Any Semi- 
Inotropic Point Source N Aleng the Antenna Aperture 


‘uf each of the point sources at ii 


2. To make possible an examination of each 
ray, including the near-field rays, the geome- 
try of a general ray fs established in relation- 
ship toa radome, an antenna aperture, and an 
arbitrary near-field region (Figure 4-58). If 
tha nane fiala angis (“g) wath respect to the 
antenna axis is zero, the far-ficld method is 
applicable. (The far-field method Investigates 
only parallel rays normal tu ihe antenna aper- 
ture and hoids only for an approximation of the 
pointing error.) If 


0<|a,|< ag + (4-105) 


is utilized, the designation "near-field method" 
ig used. Here 29= first null direction of an- 
tenna far-fteld pattern and 


-l 2x cos a 
@ = COS 1_4!x COS ag ay 


2l, +A cos a, (4-106) 


3. The distance |, between the antenna aper- 
ture and the near-field region of interest is 
assigned. I ils most convenient to locate the 
near-field region of interest us close as pos- 
sible to the apex of the radome. The distance 
lx must be expressed in radians 2n!x/) for 
later use, and for convenience (1y/)) should be 
an integer, 


4. The complex amplitude Edyn (normalized) 

location Payn 
along the antenna aperture is determined 
(Figure 4-58). 


5. For the general ray, the mathematical 
expression for a straight line is set up: 


¥= (X~X,) (tana,/Y;)with Py, (0,¥}) (4-107) 


Variation of Y; gives N parallel rays for each 
particular near-field angle 2g, 


6. A high-speed digital computer capable of 
handling a large amount of stored information 
is used to perform several operations: 


a. Trace and perform the necessary opera- 
tions on the N parallel rays for each near- 
field angle o,. 


b. Varyag in small steps between (-19 -«) 
and (+ag te). 


c. Determine, by the intersection of each 

nth parallel ray with the radome surface, its 
mie of incidence at the inner radome surface, 
its angle of incidence (iyng), and ihe effective 
thickness of the materia! according to the ac- 
tual point of entrance and exit, 


! 
| 
| 





assumed near-field 
region of interest 


radome 
general 


ray (yns) 


antenra with 

N semi-point -————~ ; 
sources } Nth radiation 
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Figure 4-58, Geometry of Generel Ray Used in Obtalning Experimentel Dato: C= Phase Center of Antenne Without Rudome (Original 
Phase Center); C = Phese Center of Antenna With Radome (Phase Center of Newr=Field Region; a,° Near~F ield Angle with Respect 


to the Antenna paces a" Distance Between ©' and Pynai d, 
euld In 


tersect Assumed Edge of Neer-Field Regien of Interest if no Radome were Presen? 


d. Find the intersection point Pyng of the 
near-fieid region (X = 1x) and each ray from 
the radome exit points, (By transference the 
point Pyng becomes the radiation source of the 
near field and determines the distance dyng to 
the phase center C’ of the near-field region. 
The source rearrangement results in the fo- 
cusing effect of the normalized patterns.) 


e. Ascertain the amplitude transmission 
coefficient Ty, and the phase de. * Ayng for 
each ray, and calculate the gain factor, K, for 
each ray which results from the focusing effect 
by 


Eettect duns 


x aperture dynso 
{. Determine the relative field Eyng at P. 
of each radiation sneurce along the near-field 
region: 





(4-108) 





Se ee a ee y 
nao” Distance Between C and Point Pynsq et which General Rey 
Eyns * (4-109) 
= r antl, 
Egyn|Tlyns ¥ /-4yng ~ , cos i 
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g. Determine the locationofthe phase centers 
on the near-field region. If interest ia in the 
phase difference introduced by the radome, ”, 
between the channel voltages of a phase-com- 
parison system, use of the in-plane error 
criteria depends on the separate treatment of 
each aperture and onthe use of the phase centers 
C and C’. The direction at which the phase 
angles of the two phase centers are equal is the 
true in-plane error direction, If, on the other 
hand, interest is in the difference voltage be- 
tween the two channels, then use of only the 
phase center C’ is sufficient. 


h, Determine the relative field of the trans- 
ferred semipoint source (P,,,) in the far-field 
direction Owith reference to the phase center 


oe errr 


Cc, Cy, or Cg, according to the previous step, 
by means of the expression 


ue | 
_ z yns 
(Fyne) = Eyns/-->— 8in 6 (4-110) 
6 tacos 

i, Determine the total relative field Eyg in 
the direction 6 by a summation of all the field 
vectors: 


NS 
Bp = SE Ens), 
rot 


j. Compute Eq, for each applicable far-field 
angle, 


(4-111) 


%. The outlined procedure is repeated until 
the in-plane error is computed for each desired 
offset angle and the theoretical in-plane error 
curve (error versus the offset angle) is plotted, 


4-50. Determination of In-Plane Error for 
Amplitude-Comparison Monopulse 


The in-plane error calculation for an ampli- 
tude-comparison monopulse system with a 
seanning aperture is very similar to the pro- 
cedure outlined for phase-comparison mono- 
pwge, '. common aperture (reflector or other 
focusing element) faces in the upparent targot 








Figure 4-59, Common Re; Bundle fer Beth Phun Frents of Am- 
plitude-Comperiaen Menopylse with Mutsting Feed: a, Squint 
Angle of the Antenne; A‘, NeareFleld Distribution; B' , Near- 
Field Distribution; Ly, Limits of Commen Ruy Bundle; 
Ly, Limite of Commen Ray Bundle 


direction, Only the resultant amplitudes in the 
6 region of expected in-plane error have to be 
computed, The chief differences from the pro- 
cedure for the phase-comparison system are: 


a, ‘neamplitude and phase distribution across 
the entire aperture must be determined for 
each feed, 


b, There is one phase center common to the 
nhase fronts of the two feeds. 


c, All vectors along the near-field aperture 
produced by one beam must be summed for 
determination of one resultant amplitude. 


d. For various 9's in the region of the in- 
Plane error about @= 0, the amplitudes mist be 
plotted ve -sus4, The same procedure must 
then be repeated for the second beam. The po- 
sition of the crossover point would determine 
the in-plane error. 


The in-plane error computation procedure for 
amplitude-comparison monopulse systems with 


nutating feeds differs from that for phase- 
comparison systema also in a few basic points: 

a, There ure two apertures that are equiva- 
lent to two antenna. positions. Two near-field 
distributions A’ and B' must be found. These 
near-field distributions will include the com- 
mon ray bundle for both phase fronts Ly and 
Lg (see Figure 4-59), From these distributions 


the two resultant fields in the directions« and 
=a must be computed, 


b, Either of the procedures for beam A’ or 
for beam B' jis analogous to the procedure out- 
lined for the phase~comparison monopulse 
system, 


c, The region of far-field angles or angles of 
arrivel for which the patterns must be calcu- 
lated are (a+44c) whore « is half the conical- 
scan ang:e and Ao is the expected pointinger- 
ror. By means of the expression 


Eng? ED bm), (22) and (old) (4-112 


two voltage vectors 


(Af), and (B&)., 


are obtained. The system sees only the ampli- 
tudes, and the null direction is given where the 
fields at apertures A and B are equal. Both 
fields must be ploited for all angles in the 
neighborhood of the apparent target direction, 


and the position of the crossover locus deter- 


mines the in-plane error. This procedure muat’ 


be repeated for all offset positions of interest, 
and the true in-plane error curve is then given, 


4-51, Derivation of In-Plane Error Formula 
for Amplitude-Comparison Monopulse 


The derivation of the in~plane formula for the 
amplitude-comparison system is straight- 
forward and made analogous to conical acan, 
If a constant amplitude and phase distribution 
across the antenna aperture is assumed (two 
feeds for monopulse), the far-field pattern is 
given by-(sin x)/x where 


D 


x aa ain 6 (4-113) 


If the phase front is tilted byan angle a, (which 
ia half the conical-scan angle), then the pattern 
is given by 


[Pamir +a 
sin|— sin (6 +a) 
A (4-114) 


7 sin (8 + a) 


The intensity in the direction 2 is given where 
6=(, and if 2 is sufficiently small, it can be 
substituted in radiang for sina, Then 


7D 
sin -——a 
n 


Ay, o= oa 
1,2 »D (4~115) 


— oa 
a 


The amplitudes Ay and Ag in the direction 
aare equal for two equal antennas, since > is 
the crossover direction of two diverging pat- 
terns, If Ag changes its. value to ¢ Ag, where 
o ip the deleterious effect caused by the radome,, 





A 
= =psi (4-116) 
1 
Then the two amplitudes in the direction « are 
mD 2D 
sin -— oe sin —a 
A, =—-——---and Ag =p-— (4-117) 
mD 7D 
——a —a 
A a 


and the crossover point will shift by an amount 
determined by the boresight error 4c (Figure 
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Figure 4-60, Shift of Croesever Point Caused By in-Plone 
Error: a, Creasever Direction of Two Diverging Patteme; 
A, Effect of Redome 


4-80), The amplitudes in the new crossover 
direction are equal again; therefore, 


sin 2 (2 +A) 





7D fa +A) 


n (4-118) 
sin = (-2 +40) 


Se a rae eet 


7D 
KX (-a+ho) 


Solving for 4c gives the expression for the 
approximate boreaight error, It is only an ap~ 
proximation for several reagons: 


a. The amplitude distribution across the an- 
tenna aperture will not be constant; therefore, 
the pattern is not given exactly by (sin x)/x, 


b. The parameter, », ie not constant but is a 
function of the radome configuration at the 
various angles of arrival, 


c. The distance 7D/d between the centers of 
the two feeds in any one plane is not generally 
the same as tHe distance 7D/)\ between the 
feeds in another plane. 


4-52. Practical Design Procedure for Mono- 
pulse Systems 


In the present state of radome design, there 
are three approaches that are more or less 
practical for the design of boresighting radomes 
for monopulse systems. (1) Empirical design 
procedures can be used with a series of teats, 
compensations, retests, and additional compen- 
sations until the desired error is achieved. 
(2) A second method utilizes both a high-speed 
computer and the procedure outlined earlier for 
computing the radome error; a series of error 
curves is run for various radome wall tapers 


and skin inserts until the desired error is 
achieved. (3) The third method uses a graphi- 
cal method for determination of the parameters 
necasaary for a hnresiehting vadome: i is 
based on the same theoretical background as 
that used in the second method but graphical 
techniques replace the computet. This third 
method has been used successfully by Martin 
in the design of radomes that meet strict bore- 
sight requirements, 


With the graphical method for both types of 
monopulse systems, two large-scale drawings 
are used, On cne drawing the inside surface of 
the radome is given with respect to a designated 
coordinate system. On the second drawing, 
which is made on transparent paper, the an- 
tenna aperture (for conical-scan systems and 
the analogous amplitude-comparison monopulse 
systems with scanning apertures) or both aper~ 
tures (for amplitude comparison with nutating 
feed) are drawn with respect to the same co- 
ordinate system, The second drawing is placed 
over the radome drawing, and antenna rotation 
(gimbaling) is simulated by the rotation of the 
second drawing about the gimbal axis of the an- 
tenna. A ray analysis is made to determine the 
angles of incidence, the effective thickness, and 
the location of the near-field radiation source. 
In conjunction with the graphical study, a set of 
transmissional phase-delay curves versus 


thickness must be provided for determining the 
radome criteri: accordingto the various angles 
of incidence. Since the radome error criteria 
46 thé same iur ihe phase-comparison sys- 
tem, the amplitude-comparison system with 
scanning aperture, and the conical-gcan system 
with nutating feed, the graphicai design method 
is the same for all three systems, 


For monopulse systems in which the phase 
distribution is constant, the parallel rays are 
drawn parallel to the direction the antenna js 
looking, and phase-delay curves are used in de- 
terminationof the wall taper which gives a con- 
stant phase delay. The radome contours must 
then be modified so that a constant phase delay 
ia given for all applicable offset positions. 
This compensation is sufficient only if the near- 
field contributions are neglected, If these con- 
tributions munt be included inthe compensation, 
the wall taper not only must satisfy the re- 
quirement for constant phase delay but also 
must give equal transmission coefficients be- 
tween pairs of mirror-symmetrical rays. 


For monopulse systems in which both phase 
and amplitude distributions are not constant, 
only thé mirror-symmetrical pairs of rays are 
investigated, The taper introduced into the wall 
must satisfy the same conditions as those im- 
posed by the near-field distributions, 


SECTION G. CORRECTION OF RADOME ERRORS 


In spite of some improved techniques in ra- 
dome manufacture, quantity production of ra- 
domes that have uniform electrical wall thick- 
ness is still very difficult and very costly. 
Small radomes with electrically uniform walls 
are being produced in production quantities by 
the use of matched metal dies under pressure,* 
and it is hoped that in the future large radomes 
can also be made tn production quantities by 
the same technique. 


4-53. General Methods of Approach 


At present the most generally accepted pro- 
cedure for both large and small radomes is to 
make them to reasonable tolerances by such 
techniques as hand iayups and vacuum bag 
molding and then to improve on the tolerances 
by some systematic procedure. Several ex- 
perimental techniques are in use by which uni- 
form electrical wall thickness can be achieved, 


*The Hughes Falcon. 
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After electrical uniformity is achieved, the ra- 
dome pointing error can be reduced by the use 
of dielectric obstacles, Institutions such as 
Boeing Aircraft,39 Convair,40 and Hughes4!, 42 
have all reported excellent results with various 
techniques. Although these techniques differ 
slightly in approach, in genera] the end goal is 
the correction of electrical non-uniformities. 
The technique to be described is drawn from 
procedures developed at Hughes Aircraft Com- 
pany, 41 since the writer has greater familiarity 
with this method than with those of other insti- 
tutions. This technique makes Possible the 
correction of electrical non-uniformity through 
the systematic location of the unknown electri- 
cal discontinuities on a radome sustace and 
subsequent compensation for these discontin- 
uities by the addition or removal of dielectric 
at appropriate intervals, The inherent radome 
error can then be substantially reduced by the 
use of systematically placed dielectric patches, 


Aerodynamically, radomes for bigh--speed 
aircraft must have pointed shapes. Such a con- 
tour inherently introduces large variations in 


—L_ 


br a Se 


the incidence angles of electromagnetic energy. 
One means of reducing this inherent error is 
the reduction of the range of angles through 
which the antenna looks by the introduction of 
wall tapers into the shape of the radomes. 
Ideally, if the pointed shape is to be retained, 
the tanar ahanid he introduced an the inner 
surface of the radome; however, small tapers 
on the external surface will usually introduce 
very little change in the aerodynamics of the 
aircraft, Reduction of the range of incidence 
angles, or the range of angles through which the 
antenna looks, can also be effectively accom- 
plished by the placement of lenses at appro- 
priate positions inside the radome to refocus 
the emergent wavefront, A third means of cor- 
recting for the inherent radome error of a 
pointed radome is the systematic placement of 
dielectric rings on the inner surface in such a 
way that they introduce errors that have the 
eifect of cancelling the error, 


4-54, Tapera and Lenses 


Tapers can be introduced into the shape of a 
radome by one of two methods: by a variation 
in the actual physical thicknesa of the wall 
while the dielectric constant is fixed or by a 
variation of the dielectric constant of the ra- 
dome material while the physical thickness of 
the wall ia held constant, At present, utlliza- 
tion of the second of these methods js difficult 
because proper control of the dielectric con- 
stant 1s a definite barrier, A report on thede- 
termination of proper ta ers can be found in the 
works of Alan F, Kay.4 


When the crosstalk error is of the same mag- 
nitude as the in-plane error, correction by 
tapera alone seems impossible. Tapering does 
not change the crosstalk error appreciably. 
However, partial correction of the theoretical 
divergent lens effect of a radome with uniform 
wail thickness (measured along the surface 
normal) is possible by a taper that increases in 
thickness, toward the radome nose. Certainly, 
for radomes of a half-wave wall design, con- 
aideration of tapers as a correction technique 
ie logical, for the thickness of a true half- 
wave wall varies with the angle of incidence, as 
is shown by the following equation: 


d 1 
deo fe,- sine 6 
where d ® wall thickness 
\ = free space wavelength 
#y = @ielectric constant of the wall 


d@aangle of incidence the beam makes 
with the radome wall 


(4-119) 


206 


A bounded plane wave will not change direc~ 
tion on passage through a sheet of homogeneous 
dielectric. If a radome wall is considered as a 
curved sheet, from a geometric optics point of 
view the normals to the inner and outer gur- 
facea of the sheet are not parallel for a given 


mtn fa BE egies we a las 
ray whon {{ enters and cmcrgea irom Wie sheet. 


For these rays the sheet will act as a prism 
and cause a refraction, Ifa change in the wall 
thickness is so introduced (by a taper, for ea- 
ample) as to make the normals to the inner and 
outer surfaces parallel, a ray passing through 
the wall at this point would not be deflected, 


In reality, however, rays are an approxima- 
tion, and what must be considered:is the be-~ 
haviour of all parts of the radiated beam, The 
beat way to express the behavior of the beam is 
in terms of the ingertion phase shift and the 
beam attenuation caused by the radome, rather 
than in terms of the emergent directions of 
various rays, For smooth variation of inser- 
tion phase shift it has been shown that the in- 
fluence of the radome on the beam deflection, 
to a first approximation, is obtained by con- 
sideration of only the linear term in the varia- 
tion of the phase shift across the beam, The 
emergent wave front is then considered as a 
plane surface of constant phase, and the normal 
to these emergent phase planes will have been 
deflected with respect to thai of the incident 
wave. 


An approximation for the beam deflection dua 
to nonparallel wall boundaries can be found Y 
the Princeton University Radome Study44 i 
which the final result is 

-Ad 
S= 
I 
where 4¢ = total phase shift 





(4-120) 


t= beamwidth 


In conjunction with tapers the use of lenses 
for the correction of radome boresicht errora 
immediately comes to mind, since the radome 
itself has some lens effect on the beam. 


Because of the complexity due to the con~ 
tinuously varying look angle, a complete solu- 
tion by a lene is almost impossible. Lenses 
have been constructed to correct radome errors 
at particular offset angles with good success 
but, at the present stage, the technique should 
be consideredas a meana of correcting apecific 
radomeg rather than an overall means of cor- 
recting radome error, The amount of deflec- 
tion is dependent on the total radome insertion 
phase shift across the beamwidth, In this man- 
ner a radome can be considered as producing a 


7 ae 


smoothly varying linear beam deflection, and, 
to a certain degree of accuracy, a taper in the 
radome wall will in turn introduce a similar 
effect. Thus, a certain amount of correction 
th ths use Of iapered walis, 
It certainly seems. ‘possible that a combination 
of tapers withother correctiontechniques would 
give gocd results, and fur several specific ra~ 
domes such a combination has proved to be 
true. For example, Figure 4-61 presents four 
sets of crosstalkand in-plane error curves of a 
pointed, missile-type radome; the curves were 
measured for (a) the radome alone, (b) the ra- 
dome plus a taper, (c) radome plus dielectric 
rings,* and (d) radome plus both taper and 
rings, The taper alone cuts the total magnitude 
of the in-plane error c upve about in half (from 
a range of +0,45 to -0,5° to a range of +0.25 to 
-0,359), A combination of dlelectric rings re= 
duces both total magnitude and slope of the in- 
plane error, But taper and rings together 
result in a nilnimum error curve which, for the 
particular radome measured, is well within 
specifications, 


4-55, Correction of Electrical Non-Uniformity 
in Radome Walls 





The Hughes correction technique for large 
radomes?® is broken into three distinct phases, 
In Phase i error curves are measured wher 
known discontinuities in the form of single and 
multiple dielectric patches are added to the ra- 
dome surface, From these curves data are ob- 
tained that show the effect on the error curve of 
both location and magnitude of discontinuity, 
In Phase 2 these data are used to map the elec- 
trical non-uniformities of a given radome, 
Phase 3 is the actual correction step of the 
technique; the electrical non-uniformities are 
reduced by the removal or addition of dielec- 
tric material at the appropriate locations, 
Data are recorded with the use of an automatic 
radome error measuring facility, Such a tacil- 
ity simulates the coordinate system of an in« 
terceptor, as is shown in Figures 4-62 and 4-63, 
which present the coordinate systems used both 
in an interceptor and in the facility, The angle 
between the line-of-sight to the target and the 
longitudinal axis of the interceptor is called the 
offset angle v. The angle between the plane of 
the interceptor’s wings and the plane through 
the longitudinal axis containing the line-of- 
sight is called the roll angle’. The angle be- 
tween the apparent line-of-sight and the true 
line-of-sight is the radome error, The radomo 


*See Experimental Technique under paragraph 
4-56, 
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error may be resolved into two components. the 
horizontal error (A) and the vertical error 
(5 sine), The individual effects of a dielec- 
tric cnctuclé are called, respectively, the hori- 
zontal deviation or the vertical deviation, The 
two error components are plotted on a re- 
corder, 


Phase 1: Effect of Known Discontinuities, In 


the first step of the correction technique, hori- 
zontal and vertical components are measured 
for a radome to whose surface dielectric 
patches* of different diameters and thicknesses 
are added, first singly and then in multiple, 
For each position and thickneas of the patch or 
patches, a set of error curves results, Any 
discontinuity placed on the radome surface 
should appear in both vertical and horizontal 
error curves; however, if a dielectric patch is 
located so that it moves on a horizental path 
directly through the crossover of a conically 
scanning beam (trangsmitter of the automatic 
facility), there will be no vertical error devia- 
tion. To isolate the errors in the test radoime, 
radome-only curves are subtracted from ra- 
dome-plus-patch curves for corresponding 
runs, The resulting curves are termed the 
"effect" curves, 


Three types of runs are made to measure the 
radome errors that occur, 


ad, Azimuth or Offget Run. The roll angle ¢% ts 
held fixed while the offset angle o is varied, 
To simulate the actual conditions in the inter 
ceptor, the supporting structure holda the an- 
tenna fixed in space while the radome revolves 
about the gimbal axis of the antenna. If the ra- 
dome is absolutely uniform electrically, there 
will be no vertical deviation in the radome ex'- 
ror, but there will be a horizontal deviation, 
This horizontal error will be symmetrical 
about the o = 0 position, Although the curve is 
not truly sinusotdal, it has sinusoidal charac- 
teristics, The horizontal error usually is due 
to the shape of the radome and the resulting 
change in incidence angle ag the offset angle is 
varied. Consequently, it is sometimes referred 
to as shape error, The shape error changes 
when the incident polarization is changed, that 
is, when ellipticity and direction of polarization 
change with respect to offset angle. 


b. Koll Run, The offset angle o is held fixed 
while the roil angle { ig varied, Ina roll run, 


*The patches used at Hughes were laminated 
fiberglass circles with the dielectric constant 
the same as that of th: teat radome. 
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Figure 4~61. Redeme Erree Curves Showing Corrective EHect of A Taper Combined With Dielectric Rings 
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the supporting structure holds the radome ata 
fixed offset angle with respect to the antenna; 
simultaneously this structure rolls the radome 
about its own longitudinal axis and the antenna 
about ita own axia, (In this type of run the 
direction of polarization with respect to the 
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Figure 4~62. Coordinate System °/ Autemetic 
Errer Measuring Facility 


interceptor's longitudinal oxis 





Figure 4-63, Coordinate System of Interceptor 


poich A 


potch B 


(A) side view 


offset angle is varied.) The transmitting an- 
tenna remains pointed towards the receiver, a 
four-horn null seeker, Each horn of the null 
seeker must roil about ita own longitudinal axis 
in aynchronism with the transmitting antenna to 


aan tha 


keep tho polarisation of the transmitter and 
receiver alined. 


c, Fixed Polarization Roll Run, Only the roll 
angle ¢ of the radome can be varied, while the 
roll angle of the antenna and null seeker horns 
remaing fixed, The fixed polarization roll run 
is essentially a check on the electrical uni- 
formity of the radome. A perfectly uniform 
radome should produce no error deviation as 
the radome ig rolled, 


The effect curves obtained from azimuth runs 
show that the deviation is always toward the 
thickeat area, which ig the dielectric patch, An 
increase in the diameter or thickness of the 
patchincreases the magnitude of the deviation. 
Similar results can be shown with effect curves 
obtained from fixed-polarization roll rung, 
Again, the deviation is toward the thickest area 
with a magnitude approximately proportional to 
the volume of the patch, 


After the effect of one patch on the radome 
error curves has been determined, two identi- 
cal patches are placed on the test radome (Fig- 
ure 4-64), The error deviations caused by 
these patches are also measured (Figures 
4-65 and 4-66), Along path 0-to-1 (shown in 
Figure 4-64), patches A and B have the indivi- 





(B) front view 


Figure 4-64. Radome With Twe Dielectric Petches Added To Surface; 0-Te-I And 2~To~3 
Indicate the Paths Traversed by the Antenna Axis (Conice/-Seon Axis} 
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Figure 4~65. Error Deviation Aleng Path 0=Te~! 


dual effects shown in Figure 4-65, The total 
vertical deviation is zero because of the sym- 
metrical location of the patches about the path 
traversed, The total horizontal deviation ts 
doubled because each patch has a similar ef- 
fect, For each patch the horizontal deviation is 
toward point C. Along path 2-to-3, patches A 
and B have the individual effects shown in Fig- 
ure 4-66, The vertical deviation is zero be- 
cause the path passes through the center of 
each patch. The horizontal deviation caused by 
each individual patch hag a sinusoidal charace 
teristic again, Each sinusoidal variation 
crosses the zero axis ata point corresponding 
to theo position of the patch. The slope, mag- 
nitude, and length of each oscillation depend on 
the size, thickness, and location of each patch, 
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In the example under consideration, the totel 
horizontal deviation is a doubly oscillating 
curve, 


In Figure 4-64, (a) could also represent, in 
cross section,a patch that completely encircles 
the radome, The vertical deviation of a ring 
could be expected to be negligible because each 
segment has a similar segment located sym- 
metrically on the other side of the radome. 
The horizontal deviation would be expected to 
have more than one oscillation. 


Phage 2: Location of Unknown Inhomogenei- 
ties. When the effects of known inhomogenei- 


ties over the radome surface have been estab- 
lished, the inherent variationa In any given 


radome can be located, These inhomogeneities 
include both the physical non-uniformities and 
the nonhomogeneities of the fabricating mater- 
jal, A single discontinuity can easily be located 
by making a series of roll and azimuth rung, 
The family of vertical deviation curves for 
azimuth runs determines the roll position of 
the discontinuity, After this location is deter- 
mined, the horizontal deviation curves for roll 
runs are observed to locate the offset position 
of the discontinuity. This method of locating 
the discontinuity becomes very tedious and 
difficult if the discontinuity is extended over a 
large region or if there is more than a single 
diacontinuity. 
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An alternative method of locating the discon- 
tinulty is to plot, in the form of vectors, the 
errors obtained from a series of {ixed-polari- 
zation roll runa, nreferahtly on 2 fan-shaped 
diagram. This transformation gives a service- 
able coordinate system which simulates the 
actual radome surface unfolded. At convenient 
intervals on the fan-shaped diagram, a vector 
is plotted that is proportional to the error that 
occurs as the conical-scan axis of the treng- 
mitted beam passes through the corresponding 
point on the radome. The direction of the 
vactor indicates the direction of the error at 
this point. Since it has seen determined that 
the error is in the direction of the thick parts 
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Figure 4~66. Error Deviation Along Path 2-To~3 





of the radome, the system of vectors will point 
toward these thick parts. 


For this method it 18 necessary to establish a 
reference thickness from which the relative 
thickness of the discontinuities can be deter- 
mined, The reference thickness is arbitrary, 
but the average electrical thickness of the ra- 
dome wall at one offset angle can be taken as 
the reference. This average thickness can be 
determined if the radome is rolled at an offset 
angle of zero degrees and the average values of 
the horizontal and vertical viriations are,taken, 
After this step is accomplished, a series of 
roll runs with various offset angles is made, 
The magnitudes of the error deviations are 
taken at appropriate intervals and plotted in the 
form of vectors on the fan-shaped diagram, In 
(a) of Figure 4-67, the curves represent the 
horizontal and vertical deviation for three roll 
runs, The information contained in the vertical 
effect curves of this figure are transferred to a 
fan-shaped diagram, shown in (b) of Figure 
4-67, In this diagram the radial Mnes repre- 
gent constant roll angle lines, and the circles 
with center at zero represent constant offset 
angle lines, 


Vectors 1' to 7' are proportional to the verti- 
cal deviation at corresponding points on the 
vertical error curve, The'point at which the 
vectors reverse in direction indicates the ¢ po- 
sition of the discontinuity, Vectors 8’ to 10’are 
proportional to the horizontal deviation at cor- 
responding points on the horizontal error 
curve, These vectors are plotted to determine 
the o position of the discontinuity. The point 
at which vectors 8' to 10’ reverse in direction 
represents the o position of the discontinuity. 
The magnitude of the vectors is kept propor- 
tional to the magnitudes of deviation on the 
error curves, The direction of the vertical 
deviation vector should be tangential to the 
constant ¢ circles, The direction of the hori- 
zontal deviation vector should be radial. The 
thickness and the size of the discontinulties can 
be estimated by observing the magnitudes and 
the rate of change of the vectors, The distribu- 
tion of the non-uniformities found by this meth- 
od for one experimental radome is shown in 
Figure 4-68, 


Phase'3; Correction, The third phase of the 
correction technique consists of the actual cor- 
rection of the radome for uniformity and for 
inherent boresight error, 


Once the non-uniformity distribution of a ra- 
dome is plotted by the vector method of Phage 
2, the physical location of the discontinuities on 
the radome surface can readily be found by 
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theiro and { coordinates, Patches are then 
added or material is ground away, depending on 
whether the region is too thin or too thick, 
When the uniformity corrections are accom- 
plished, there will be no vertical deviation in 
an azimuth run and no vertical or horizontal 
deviation in a fixed polarization roll run, 


Most interceptors have radomes of such a 
contour that the incidence angles that the radar 
beam makes with the radome wall vary over a 
large range. This variation in incidence angle 
generally gives rise to substantial in-plane 
errors when azimuth runs are made, The in- 
plane errors usually have sinusoidal charac- 
teristics, It the radome is electrically uni- 
form, the in-plane error curve is symmetrical 
about zero offset, and it is usually easy to re- 
duce the magnitude by adding identical dielec~ 
tric obstacles symmetrically around the ra- 
dome at appropriate offset positions. With 
some experience one can determine this posi- 
tlon with little difficulty. It_is essential that 
the radome be corrected for uniformity before 


any attempt be made for in-plane correction, 
Symmetrical placement of identical patches 


applies when the polarization is held fixed with 
respect to offset angle. When direction of the 
polarization varies with the roll of the radome, 
ag in conventional interceptor radomes, cor- 
rection of the radome must include correction 
of the: additional effects due to the polarization 
changes, For correction of these additional 
effects, the antenna may be fixed to a horizontal 
linear polarization and the in-plane errors 
corrected by placement of identical dielectric 
obstacles on the horizontal plane. This cor- 
rection can be considered to correspond to 
patches A and B with an azimuth run being 
made from 2-to-3 (see Figure 4-64), The ra- 
dome and the antenna are both rolled 90°, and 
the in-plane error is again corrected. The 
second correction corresponds to an azimuth 
run from 0-to-1 in Figure 4-64. The correct- 
ing patches placed along path O-to~l generally 
are not the same as those placed along path 
2-to-3 (A and B in Figure 4-64), The patches 
are tapered toward each other so that no abrupt 
discontinuity occurs. By this method, the 
errors for the intermediate polarization are 
compensated in the test radome, Typical 
curves before and after correction in this man- 
ner are shown in Figure 4-69, 





A second method of correction of the addi- 
tional polarization effects consists of the ra- 
dome and the antenna being rolled synchron- 
ously, The non-uniformity distribution diagram 
is plotted in a manner similar to the vector 
diagram in Phase 2 of the overall correction 
technique. This diagram differs from the pre- 
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(a) horizontal and vertical deviations of 
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Figure 4~67. Vector Methed of Lacation of Known Nan-Unifermity 
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vious one in that the additional effects intro- 
duced by varying the polarization are included. 
The correction technique follows the same pat- 
tern as that for a fixed polarization. After this 

correction is made, another set of roll runs is 
} made with a reference thickness again estab- 
Mshed at an arbitrary reference. There should 
be no variation in the curves themselves for 
each corresponding roll run, but the reference 
levels of the horizontal curves will be above or 
below the reference thickness, The shift in the 
level indicates whether - given location is thick 
or thin, (This meticc has not been experimen- 
tally verified at the time of writing.) 





The correction technique has been used with 
dielectric patches ona typical interceptor sys- 
tem, and a substantial reduction in error 
slopes and magnitude was achleved, The re- 
sults of tiis program can be used aa a guide to 
the currection of small radomes (conventional 
missile radomes). It is thought, however, that 
the technique is more beneficiai with large ra- 
domes. Errors of missile-type radomes have 
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Fighre 4-68, Lecation of Unknown Electricel Non-Unilormity on Teast Radvne by Vector Method 


been more specifically corrected by the use of 
dielectric rings. 


4-56, Dielectric Rings* 


A systematic exp rimental technique has been 
established ty means of which the inherent 
error in a given radome can be corrected, By 
this technique the residual error in the radome 
can be reduced. As presently used, the proce- 
dure consists of the placement of dielectric 
rings on the inner radome surface. The loca- 
tion of the rings and their thicknesses are 
determined mathematically through a minimiz- 
ing procedure. 





Experimental Technique. The major portion 
of the work on corrective dielectric rings has 


been done in connection with the development of 


*This technique and agsoclated explanatory 
literature are covered by a Department of 
Commerce secrecy order, 








a streamlined rggome for the Hughes GAR-1A 
Falcon missile. The contour of this radome 
is essendally ogival and the base of the radome 
is just large enough to fit over a 5-inch reflec- 
tor dish, Typically, a very flat crosstalk error 
curve is obtained with this type of radome so 
that the in-plane error curve is the major 
problem, The in-plane error curve has & num- 
ber of oscillations which contain slopes as high 
as 0.08° per degree, When a corrective ring is 
inserted in the radome, a large change in the 
in-plane error curve will result. It can be ob- 
served from Figure 4-70 that this particular 
ring has the effect of reversing the nature of 
the error slope. Since this reversal is possi- 
ble, it can be reasoned that an error curve can 
be made flat in certain regions so that at least 
the large error regions can be corrected. 
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(b) after correction 


Therefore, to correct the in-plane error, an 
error must be introduced into the radome so 
that the two curves wili cancel. Dielectric 
ringa can be ured to introduces auch an error to 
minimize the netin-plane error. The rings used 
in development of the technique were made of 
the same material aa the radome and formed to 
the same contour (Figure 4-71); however, other 
dielectric materials can be used to achieve the 
same results, 


With the ring technique, the error curve of a 
radome alone is recorded, Then, one at a 
time, each ring is inserted inside the test ra-~ 
dome and fastened temporarily at the point at 
which the configurations matched. For each 
ring inserted, an in-plane error curve of the 
radome-ring combination is recorded; the data 
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Figure 4-69, Comparative Verticel Errer Curves of Tost Rademe, Befare ond After Corection of Asymmetry: 
(a) Before Comection; (b) Alter Correction 
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Figure 4-70. Etfect of Dielectric Ring on In-Plane Error Curve 


Figure 4—71, Fabrication of Dielectric Rings: Applicetion of the Ring Cerrection Technique Ia Faciliteted if the Rings Hove the Same 
Contour as the Radome to be Corrected. Shawn Above are the Rough Radome (Left), Finished Radome (Center), and 
the Corresponding Rings (Right) Fabricated in Development of the Technique 


points are taken from each curve and listed in 
tabular form, Ring effect curves are calculated 
from these tables by subtracting the radome 
error curve from each radome~-plug-ring error 
curve. By this subtraction method an effect 
curve for each individual ring is obtained. (As 
a check on this method the rings were tested 
individually in free space; the same effect 
curves were obtained as were obtained by sub- 
traction.) To correct the in-plane error of the 


radome, a combination of ring error curves is 
found which, when added, gives an error curve 
opposite from that of the radome. The rings 
corresponding to the desired error curves are 
placed in the radome, which is ther tested, 
When a proper combination of rings has been 
chosen, it can be used on all radomes of the 
game configuration and materials with the re- 
sults repeating for each radome, provided 
there are no additional errors in any radome 





as a result of imperfections in fabrication. In 
the development of the technique, use of the 
best combination of corrective rings in the test 
radome reduced the total excursion of the in- 
Plane crruc curve irom approximately 0.7% to 
0.3° error and the slope from a maximum of 
0.08° per degree to 0.02° per degree or leas 
(Figure 4-72), 


Changes in the width and the thickness of the 
rings have an additive effect. The amount of 
in-plane error ia proportional to the thickness 
and also to the width of the ring. For example, 
in the experimental approach, a 1/2-inch-wide 
ring wag placed at the same position in the ra- 
dome as two adjacent rings 1/4 inch wide. The 
wider ring gave an error curve identical with 
the aum ofthe error curves of the two 1/4-1tnch- 
wide ringa, Since each individual ring produces 
wn individual effect curve and since effect 
curves are additive, the radome designer is 
able -o combine, by Calculation, several ring 
error curves to evaluate rapidly the effect the 
combination witl have on the radome without 
actually performing the measurement, 


The additive effect of both the width and the 
thickness of the rings canbe shown graphically, 
It is possible that, for the best error curve, a 
set of rings is needed {n which each individual 


error (degrees) 


ring requires a different thickness, To solve 
thia problem fn a nonexperimental manner, a 
least-square method can be used to determine 
the beat thicknage far aach ring, A set of yings 
is taken that gives good error curves and the 
least-square method is applied to find the opti- 
mum thickness. In this manner many needless 
experiments can be eliminated, and only those 
combinations need to be measured that have 
promise, 


Applications of the Technique, The dielectric 
ring technique has given excellent results fora 


particular experimental radome design, Thus, 
the question arises, 'Is the technique applicable 
to general radome design?" The method has 
been applied to two other radome configurn- 
tions to show its versatility, Figure 4-78 is a 
comparison of the error of a small thin-skin 
hemispherical radome before and after ring 
correction for in-plane error. The slope has 
been reduced from 0,045° per dogree to 0.025° 
per degree by the addition of ringa, 


The dielectric ring technique was also applted 
to a half-wave wall interceptor radome with a 
large dish and a fairly pointed nose. The error 
curves with and without ringa are shown in 
Figure 4-74. Again there is a reduction, the 
radome slopes dropping from 0,05° per degree 
to 0,01° per degree. 
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Figure 4~72, In-Plane Error Curves of Teat Radome Showing Elect of Ideal Combination of Corrective Rings 
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Figure 4~73. Small Hemisphericai Rodome In~P lane Error Curves With ond Without Rings 
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Figure 4-74, Interceptor Radome In-Plane Error Curves With and Without Rings 


In addition to half-wave wall and thin-skin 
radomes, there is reason to believe that ra- 
domes of sandwich construction can also be 
corrected by the dielectric ring technique. 
Size does not limit the use of the technique, 
since large and small radomes of both missile 
and interceptor type have been satisfactorily 
corrected, Some experimental work has also 
been done on correction of in-plane error by 
the use of negative rings in theform of grooves, 
These grooves are cut in the inner surface of 
the radome wall and have the reverse effect of 
a ring placed in the same position. 


As a result of these investigations, the radome 
designer has several choices of methods for 
compensating & radome, He can use dielectric 
patches, rings, grooves, or a combination of the 
dielectric obstacles. Since the ideal radome for 
production would have a smooth inner contour,a 
combination that couldbe molded into the radome 
is probably the best. 


Scattering by a Thin Dielectric Ring, To give 
a fuller understanding of the effect of the die~ 
lectric rings as correcting devices, L, L, Phil- 
ipson45 has carried out an analysis of the scat- 
tering effect of a thin dielectric ring on an elec- 
tromagnetic field, The ring inserts can be con- 
sidered as introducing an out-of-phase pertur- 
bation that cancels the radome-caused pertur- 
bation of the free-space far-zone power pattern 
of the antenna, As observed experimentally, the 
ring perturbation is essentially independent of 
the presence of the radome, at least for thin 
dielectric rings and low-reflection radomes, 
Thus, for calculation of the effect of the ring ag 
an error-correcting device, it is only necessary 
that the ring be considered infree space and il- 
luminated by an electromagnetic field, 


Ag noted in Equation (4-80), various investi- 
gators have utilized Maxwell’s equations to show 
that the volume polarization currents,J of Equa-~ 
tlon (4-17), radiating in free space Th the ab- 
sence of the scatterer, may be regarded as the 
source oi the fleld scattered by a dielectric body 


such ag the radome of Section 4-45 or the rings 
of Section 4-56. Under the assumption that the 
presence of a ring does not appreciably affect 
the source, Barrar and Dolph5S have utilized an 
integral equation formulation as follows: 


H(P) =H(P)-y f E(P,Py)4V, (4-123) 
Vv 


where H * magnetic vector of the total field 


H, = magnetic vector of the incident 
field 


P = point of observation 


Py = point of integration in the obstacle 
volume 


V=volume of the scatterer (in this 
analysis, the ring) 


_ ¥ = constant, depending on the differ- 
ence of the squares of the propaga- 
tion constants in V and in free space. 


The vector function F is given by 





R 
F(P,P 4) = 9, (ee \. E(Py) (4-122) 


where the Green’s function y = (e!KOR) 7p in- 
volves the distance R between P and Py. The 
electric vector ofthe total field is —. A further 
relation between E and H is Maxwell's equation 


jung 
E(P) = 2 Vv x H(P) (4-123) 
k 





The scatter is taken tobe a thin cylindrical di- 
electric ring. Ag indicated in Figure 4-75 the 
system employed has cylindrical coordinates r, 
9,2 about the center 0 of a ring withan inner 
radius a, thickness h,and height 2! , The method 
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Figure 4~75, Coordinates and Ring Geometry of Approximation 
Technique: h, Thiekness of Ring; 21, Height of Ring; a, Inner 
Radius of Ring; ¢, 4, a, Coordinates; 

P, Point of Observation 


of analysis makes use ofa perturbation technique 
used by J. B, Keller,°4 whichleada from the in- 
tegral equation to a formal expansion for the 
vectors of the total field in powers of the radial 
thickness of the ring, 


The H series can be written in the form 


H(P) = Hy (P) doe Hy (P) (4-124) 
n=) 


for all P not lying on the inner ring surface or 
at the sources, The E series is analogous, In 
these formal series if is assumed that the total 
field reduces to the incident field whenthe thick- 
ness of the ring h-+0. 


If the perturbation series is substituted into 
the integral equation and Equation (4-123) is 
used, an {teration formula for the vectors Hy is 
obtained, Thehigher order vectors are difficult 
to calculate, but the coefficient of the linear 
term inthe serics is not, It is possible to write 
the following equation 


27] 
Hy )~-ra f Wyy x Ey (Py) dz,déy (4-125) 
~l 


where only Ey, the incident electric vector, is 
required, Hy is then calculated by an explicit 
vector integration, 


Experimental work done at Hughes Aircraft 
Company? indicates thai for sufficiently small 
dielectric volumes the scattering effect is linear 
with respect to changes in volume, For a thin 
ring the volume {s essentially proporttonal to its 
thickness; thus, it is practical to consider only 
the terms through the first power of h inthe per- 
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turbation series, Moreover, it can be rigorously 
established that the first order terms in the for- 
mal series are asymptotically equal to the total 
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H(P) = H, (P) +h Hy (P) + 00h”) (4-126) 
provided that,as assumed, the total vectors be- 
come equalto the incident vectorsash «0. For 
sufficiently thin rings, Hj + hHy gives an ap- 
proximation for H. As this representation is 
asymptotic, questions of error bounds and their 
dependence on various parameters are involved 
and are beat settled by observations on the 
agreement of measured values with valuesob 
tained from the formulas, 


When anapproximation for the magnetic vector 
H is obtained,a corresponding approximate for- 
mula for the far-zone power pattern function is 
found. If cis the distance of the far-zone point 
of obgervatiou from the center of the ring, the 
power pattern function is obtained from Equa- 
tion (4-127): 
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where H'), H(4), H'4) are cylindrical compo- 
nenis of H, If the evaluation of H is used,+ can 
be written in the form 


peep they + O(n?) (4~128) 


where ?'; is the far-zone pattern function of the 
incident field, without the ring, ands, is the 
"first order perturbation" power patten func~ 
tion, 


Measurement and calculations of +, Equa- 
tion (4-128), were carried out for the condition 
in which the incident field was generuted by a 
half-wavelength dipole which had the saime axis 
as the ring. Figure 4-76 depicts the geometry 
of the test situation, * being the angle between 
the point of observation andthe axis. Due tosym-~- 
metry, calculations and measurements for 
0<<90° lying in any plane through the Z-axis 
are sufficient. Since the radiated power of the 
dipole is small near the axis, only a range 30° 
£230° was actually considered. For the cal- 
culations and measurements, a wavelength of 
1.29 inches anda dielectric constant of 6:3 were 
used, The inner-ring radius (a) was kept con- 
stant at 3 inches and the height (2/) at 0.5 inch, 
The thicknesses of the rings (h) were successive 
doubles of 0.0125 inch. Typical patterns for one 
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Figure 4-76. HalfeWave Dipole Antenna Coexial With Ring: 
@, lanue Ring Radiva; 21, Height of Rings h, Thickness of 
Ring; P, Point of Observation 


set of rings studied are represented in Figure 
4-77, For these curves the thicknesses of the 
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rings were 0.025 and 0,050 inch. In Figure 4-77 
are depicted the thenratics] fras Seaccraipole 
pattern, the measured tree space dipole pattern, 
the perturbed pattern as Predicted by analysis, 
and the measured perturbed pattern, 


The curves presunted are indicative of the guod 
overall agreement that was obtained for rings 
with a thickness of less than about 0.1 inch, As 
the thickness ofthe rings increased, the approxi- 
mation technique, which is based onan asymptotic 
expansion ofthe field in powers of the thickness, 
became less and less applicable, As indicated 
previously, establishment of the ranges of the 
various ring parameters, such as the thickness, 
which permita preassigned accuracy ofthe pro~ 


Posed technique, must await furthel investi-~ 
gation. 





¢ (degrees) 


Figure 4<77, Typical Pattoins of One Set of Rings Studied 





SECTION H, NEAR-FIELD MEASUREMENTS 


As was mentioned in the introduction, the size 
vi a sadume is uf considerable importance in 
the development and application of accurate pre- 
diction methods, Physical optics methods can 
be used wiih iair accuracy in the prediction of 
errors in large radomes, but these methods and 
their modifications are of little practical use 
with small radomes. The small physical dimen- 
sions increase the severity of the scattering ef- 
fect of the radome inthe antenna~radome sys- 
tem so that the flelds contained within the small 
radome become extremely complex. Similar 
factors disturb the fields within the large ra- 
dome but to a considerably less extent. The 
fields contained by both large and small ra- 
domes arepart of the near-field or Fresnel re- 
gion, and before precise analytical methods for 
predicting radome errors canbe completely de- 
veloped and proved, a full understanding of the 
near-field radiation of antenna-radome systems 
appears necessary. 


Briefly, the near field includes the fields 
closest to the antenna aperture and extends an 
arbitrary distance, 2D2/»,* where D is the dia- 
meter of the antenna aperture, The outer fields 
beyond 2D2/, are the far-field or Fraunhofer 
region. In the far field the measurable field 
components are trausverse; that is, the E and H 
vectors are at right angles to the direction of 
propagation. The shape of the field pattern is 
independent of the radius at which it is taken, 
because for most purposes the energy can be 
safely assumed tohave been formed into abeam 
or plane wave by the time it reaches the far 
field, In the near field, the radial field may be 
appreciable and the shape of the field pattern is 
in general a function of the radius.°8 No clear 
picture has yet heen formulated of the fields 
which exist within the near field, and no sim- 
plifying approximations can even be made for 
the region in the immediate neighborhood of the 
aperture (the so-called near-zone region). 7 
Because of the size of the small radome, most 
of the fields contained within it will fall into 
this complex near-zone region, A detailed study 
oftne integrals for this regionand for the entire 
near field is beyond the purpose of the present 
discussion. It is sufficient to emphasize the im- 
portance of the near field in the development of 
precise analytical methods, particularly for 
smal] radomes. 


*Some investigators have found that D@/, is 
sufficient tu enclose the fields of greatest in- 
terest. 
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4-57. Near-field Measurement Methods 


Before the effect of the radome asa scatterer 
in the antenna-radome system can be analyzed, 
the near field of the antenna alone needs to be 
known, Many studies have been and are being 
worked on, such as those at the Ohio State Uni- 
versity Antenna Laboratory,°9,59,60 at McGul 
Univyergity,®1 and at Hughes Aircraft Company. 
62,63 Yhe two current methods of studying the 
near Helds of antennas are based on direct 
measurements ofthe distribution across differ- 
ent planes of the near field by meansof receiv~ 
ing probes or reflecting (scattering) probes. 
Amplitude and phase data are recorded and 
plotted at increasing distances from theantenna 
aperture and for various offset angles to give a 
picture of the progressive diffusion of the field, 
(A third method has been suggested which 
differs from the two conventional plotters in its 
use of two field-sampling probes insteadof one. 
A phase reference taken from the field itself re- 
Places a fixed reference signal taken directly 
from the source.) These methods can also be 
used for measurements of the near field of the 
entire antenna-radome system, but studies of 
the radome effect. are hampered by lack of suf- 
ficiently accurate data on the antenna's near 
field, 


Various near-field measuring techniques are 
discussed in Chapters 2, 11, and 12. 


4-58, An Analysis of the Radiated Field of o 
Small Radome 


A study which deals directly with the antenna- 
radome problem is now being conducted at the 
Hughes Aircraft Company. Some of the findinys 
and thoughts which such a study has brought 
forth will be presented. The equipment used is 
merely aguide as to what can be used, for there 
are many other fine measuring setups throughout 
the country. 


Test Setup. The transmitter was a conical 
scanning antenna which had a reflector aper- 
ture of 4.9 inches, and the radome had the 
Hughes N-65A configuration, A slot-fed quar- 
ter-wavelength dipole connected toa small mis- 
sile coaxial feed line was used as the receiving 
probe. Measurements were made at 9195 meta- 
cycles, and horizental linear polarization wis 
used for bothtransmitter and probe. Figure 4-78 
is a photograph of the test setup, with a cluseup 
of the antenna and radome mount shown in Figure 
4-79, 








Figure 4-79. Radome and Antenna Mount of Near—field 
Measuring Apparctus 


The radome was mounted on a portion of a 
missile body so that the radome axis was. cojn- 
cident with the missile body axis at all times. 
The axes ofthe reflector and feed also remained 
fixed in relation to each other, The radome and 
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missile body could be rotated in offset relative 
to the reflector, either vertically or horizontally, 
on a gimbal located behind the base of the re- 
flector on the reflector axis (Figure 4-80), 
Measurements discussed were all made with the 
radome offset vertically, The receiving dipole 
was mounted on a carriage to permit mofion 
along three mutually perpendicular axes which 
are the coordinates used in the rneasurements: 
the Z-axis is parallel tothe axis ofthe reflector 
with the X~axis horizontal and the Y-axisvertical 
(Figure 4-81). 


Determination of Near-field and_ Far-field 
Zonas. Far-field scans were taken 29.7 Inches 
from the outer perimeter of the reflector. This 
distance was considered sufficient for far-field 
measurements for a 5-inch reflector since, ac- 
cording to Stlver§4 ana others, the minimum 
distance at which far-field patterns should be 
measured lies between D4/a and 2D2/, where 
D is the diameter of the reflector. To verify 
that the 29.7-inch distance was adequate for the 
far field, the relative power along the reflector 
axis was measured for zero offset with the ra- 
do:ne mounted (Figure 4-82), Amplitude varies 
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Figure 4=81, Coordinate System and Carriage Motion 


inversely asthe square ofthe range;in the far inches the measured curve approximates the 
fielda 1/Z2 vartation of power intensity is there- 1/zZ2 curve but some variations still are ap- 
fore to be expected. Thecurve indicating the ex- parent. The 18-inch distance is approximately 
pected power drop is indicated by the broken D2/,, so that the distance of 29.7 inches isquite 
line curve in Figure 4-82. Beginning near 18 adequate for far-field measurements for the 


223 





situation in these tests. Figure 4-82 also indi- 
cates that the maximum perturbation of the field 
which could be measured occurred ata distance 
about 10.5 inches from the antenna aperture 
along the Z-axis. This distance distinguishes 
the region in which the near-field measurements 
were taken. Scans were taken along the X-axis 
and along the Y-axis. 


No-Dome Measurements of the Near Field. 
Measurements were first made of the amplitude 
and phase of the near field (no radome). Values 
of the field were measured at discrete distances 
from the antenna aperture along the Z-axis in 
boththe Y-Z plane andthe X-Z plane. The scans 
were made in 0,4-inch steps along the twp per- 
pendicular axes. Grid patterns were plotted 
from the measured values, and phase and/power 
contour maps were drawn. In generg@l, the 
highest amplitude measured in each get was 
normalized to unity, The grid pattern’ampli- 
tude measurements and corresponding power 
contour maps in each plane are plotted in deci- 
bels, The value at each point denotes the ampli- 
tude level in decibels below the value at the ref- 
erence point. For the phase measurements the 
most advanced phase measured in each set 
was normalized to zero degrees. Figures 
4-83 and 4-84 represent the contour maps 
of the relative phase measurements for the Y-Z 
plane and the X-Z plane, respectively. The 
contour maps of the relative amplitude meas- 
urements in the two planes are presented in 
Figures 4-85 and 4-86. The grid patterns are 
not shown but are available in the literature 59 


The main value of the grid maps lies in their 
use in the analysis ofthe diffraction due to var- 
{ous obstacles which might be inthe near field 
of the antenna, The contour maps present a 
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pictorial view of the near field. They show both 
a rapid decrease in amplitude as the distance 
from the reflector axis increases and also the 
essential planarity of the phase front in the 
vicinity of the reflector axis, Another inter- 
esting observation from the contour maps, es- 
pecially from Figure 4-84, is the spherical 
shape of the last two or three phase fronts 10 
to 11 inches from the reflector. The shape of 
these phase fronts indicates that there is a vir- 
tual source behind the reflector, Qualitatively, 
this observation agrees with unpublished results 
found independently by other investigators at 
Hughes. 





On the Y-2 plane (H plane) amplitude contour 
map of Figure 4-85, polar radial lines aredrawn 
at the far-field amplitude null and peak angular 
positions of the sidelobes, The actual far-field 
H-plane power pattern is shown in Figure 4-87, 
This pattern was taken withan elliptically polar- 
ized pickup horn with a 6-decibel axial ratio, 
Measurementstaken of the cross-polarized com- 
ponent of the field indicated that this coraponent 
was negligible with respect to the horizontal 
component, so that, forany practical interpreta- 
tion of the far-field pattern of Figure 4-87, the 
pickup horn may be regarded as linearly polar- 
ized, It should be noted that the null and peak 
positions ofthe sidelobes indicated by the broken 
lines on Figure 4-87 correspond in angular posi- 
tion to the radial lines drawn on Figure 4-85, 
Apparently, the sidelobe structure of the far 
field actually manifests itself very close to the 
reflector inthe region which is considered as 
the near field, This property of the near field 
is significant in a number of respects, among 
which is the fact that the near-field sidelobe 
structure may reveal the manner tn which the 
field illumination of such obstacles as rods af- 
fects the far-field main beam structure. The 
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Figure 4~83, No=Dome Constant Phase Contour Mop in Y—Z Plane of Antenna Neer—field (X = 0) 


effect of such obstacles is noticeable in radome 
error versus offset angle curves of the obstacles. 


Relative phase and power graphs (Figure 4-88) 
were plotted on an increased scale for each 
plane at the distance from the antenna aperture 
(Z = 10.45 inches) at which maximum pertur- 
bation of the near field had been noticed. With- 
inthe limits of error involved in making the 
measurements,* the sets of ysaphs for cach 
plane are essentially the same, A similar com- 
parison can be made between the phase contours 
of the two planes (Figure 4-83 for the Y-Z plane 
and Figure 4-84 forthe X-Z plane) andthe power 
contours (Figures 4-85 and 4-86). The similar- 


*Interference inthe near field caused by the 
measuring probes and supporting equipment is 
one of lhe major problems facing investigators, 
Most current prediction techniques require em- 
pirical data of high accuracy, but it is difficult 
to ubtain these data, since effect of the equip~ 
ment on the field has not yet been accurately 
determined, 
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ity indicates a considerable degree of cylindri- 
cal symmetry of the horizontally polarized field, 
Furthermore, some measureinents of the cross- 
polarized component of the fleld have shown 
that this compo.ent is essentially negligible in 
amplitude, This observation is also true of the 
radial E-field component, (To check the validity 
ot this observation further, some supplementary 


-meagurements were taken of the horizontally 


polarized component of the field when a circu- 
larly polarized feed was used at the reflector, 
The circular feed and reflector radiated circular 
nolarization along the entire Z-axis. The meas- 
urements were taken in the "ame position as 
those of Figure 4-88, and the measured paticrns 
in each plane were found to be the same as those 
of Figure 4-88.) 


The apparent cylindrical symmetry of the 
field canbe very useful from both analytical and 
experimental points of view in that it may simpli- 
fy many of the calculations and measurements 
necessary in the solution of various diffraction 
problems. It also appears that the -adome errots 
of various polarizations may be iutitive in some 
simple manner to yteld the radome error of a 
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resultant polarization. The degree to which cyl- 
indrical symmetry and polarization separation 
can be assumed to exist, in consideration of 
the problem of predicting error to a sufficient 
accuracy, is being investigated further. 


Naarefield Maamirements with Radome Mount - 
ed, With the radome mounted over the antenna, 
three sets of measurements were made along 
the X-axis and along the Y-axis relative to the 
point on the Z-axis at which maximum pertur- 
bation had been noticed in the no-dome meas- 
urements, It was desired to see what effect the 
radome would have on the field at this point 
(Z = 10.45 inches), The measurements were 
taken with the radome vertically offset at three 
angles: 0° offset (radome axis and reflector 
axis coincident), -5° offset, and -20° offset, 
The measurements at the different offset angles 
in the Y-axis direction are compared in Figure 
4-89 and should be compared also with the no- 
dome measurements taken along the same line 
(Figure 4-88), The measurements inthe X-axis 
direction were again essentially the same as 
those shown in Figure 4-89. 


For the radcme-mounted measurements at all 
offset anglesthere was a large andvery definite 
phase retardation andamplitude reduction inthe 
region near the nose. It can be seen that a3 the 
radome is offset the phase retardation and ampli- 
tude reduction accompany the positior. of the 
Bm mn matte 18 ban nt thn mde dein 2 eee 
the line of the radome axis. The broken ver- 
tical linein Figure 4-89 denotes the intersection 
of the radome axis with the line of rneasurements 
at an offset angle of -5°. In the curves measured 
with the radome offset at -20°, no sharp miniiaa 
are noticeable, since the nose of the radome is 
out of the range of the line of measurements. 
What .. umportant, however, is that the phase 
and amplitude curvesat this offset angle compare 
very favorably with the no-dome curves of Fig- 
ure 4-88, Even such small differences in am- 
plitude and phase as exist between the -20° off- 
set curves and the no-dome curves, however, 
are known to give rise to appreciable boresight 
errors, but it is apparent that the compara- 
tively very large perturbations of the field caused 
by the radome nose are of primary significance, 
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Figure 4-85, No~Dome Power Contour Mop in Y=Z Plane of Antenna Near~fleld (X = 0) 


Effect of Compensating Devices on Near-field 
Distribution, An additional series of measure- 


ments was made tosee what effect compensat- 
ing devices had on near-field distribution, Thin 
dielectric rings and a nose cone were used 
since these devices have been successful incom- 
pensating radome errors (see paragraph 4-56), 
Preliminary to near-field measurements, error 
curves were taken of the antenna and radome 
alone and of the antenna and radome in yarious 
combinations with rings and nose cone, Cross~ 
talk errors were found to be negligible for the 
polarization used (linear and perpendicular to 
the offset plane), but steep in-plane errors 
were noticeable. The compensating rings re- 
versed the sign of the errors and reduced the 
total magnitude when the polarization was per- 
pendicuwlar to the plane of offset; when the polar- 
izalion was parallel to the plane of offset, no 
reversal of sign occurred but the total magni- 
tude of the errors was again reduced. The change 
in the error curves which appeared when the 
compensating rings were inserted into the ra- 
dome has been found to depend on the ring con- 
figuration only (for thin rings); in other words, 


this change in error could be effected on any 
set of obstacles merely by the addition jaf the 
same ring configuration to the obstacles, 


Measurements similarto those plotted in Fig- 
ures 4-88 and 4-89 were made of the near-field 
distribution of theantennaand radome withcom- 
pensating rings and with rings and a nose cone, 
As before, scans were taken along the Y- and 
X-axes at the point of maximum perturbationon 
the Z-axis, The radome was offset at the same 
angles as used for the no-dome antenna and the 
antenna-radome measurements, Results are 
plotted in Figures 4-90 and 4-91 for the Y- 
seans, It can be seen that the perturbation: of 
the field due tothe rings js insignificant incom- 
parison with the effect ofthe radome itself, The 
nulls caused by the radome nose are not so 
sharp as they are onthe curves in Figure 4-49 
and are shifted towards the -Y direction. 


An analytical technique which hag predicted 
small perturbations of the far field of a half- 
wave dipole due toa compensating ring has been 
developed by L. L. Philipson (see paragraph 





4-56 and Reference 65). It 1s hoped that this 
technique can be applied successfully to predict 
near-field perturbations such as those shown in 
Figures 4-90 and 4-91. Further, an analytical 
technique is being developed which may accu- 
rately use known perturbations due to small 
obstacles, such as the rings, in predicting re- 
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sultart radome errors.°5 Of particular nig- 
nificance ia the fact that both these investiga- 

‘sng and others near-field analyses have shown 
that the perturbation field of compensating rings 
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Figure 4-86. No=Lome Power Contour Map in X=Z Plane of Antenna Neor~field (1 = 0) 
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Figure 4-89. Near=field Distribution of Antenna ond Radome 
at point of Maximum Perturbation (X = 0) 
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Chapter 5 





BROADBAND RADOME DESIGN 


5-1. Bandwidth Requirements 


In the design of search, navigation, and gun- 
laying radar housings, normal conditions re- 
quire that good performance be provided by the 
radome over a relatively narrow band of fre- 
quencies, usually centered about a nominal op- 
erating frequency. 


For example, a typical armament system may 
include a radar set operating at 9.2 kilomega~ 
cycles with an upper range of 9.5 and a lower 
range of 8,9 kilomegacycles. Operating band 
width, then, is about 6.5 percent for the radome 
involved. 


Ifthe performance requirements ofthe system 
are not too stringent, conventional approaches 
tothe design problem will usually yield a radome 
that meets specification requirements, De- 
pending upon size and structural limitations, 2 
thin-wall, half-wave, or ''A’ sandwich will sat- 
isfy the needs of the system. 


Performance of such configurations is shown 


extensively in curves published by Naval Air. 


Material Center! and at the Naval Air Develop- 
ment Center at Johnsville, Pa.“ The former 
are based upon lossless materials, but have 
been adequate for simple shapes and low angles 
of incidence generally encountered in Type I 
general-purpose radomes, (See Chapters 2, 3, 
4 and 13.) 


In contrast with the narrow-band applications 
discussed above, an electronic countermeasures 
(ECM) specification calls for satisfactory sys- 
tem performance cver the band from 1 to 40 
kilomegacycles, In terms of radome require- 
ments for such a system, the designer's chief 
problem is to cover the 10:1 band from about 4 


kilomegacycles up to 40 kilomegacycles, since 
a radome construction that will work satisfac- 
torily in this band will probably also work sat- 
isfactorily from 4 kilomegacycles down. Other 
ECM systems have less stringent require- 
ments, perhaps a 6:1 frequency band or less. 
A typical boresight radome requires a band- 
width of about +500 raegacycles. 


The purpose of ECM Ferret equipment is to 
determine various properties of an enemy ra- 
dar or communications system. These may 
include frequency, location, and pulse charac- 
teristics, such-as pulse repetition frequency, 
pulse width, etc. Having established these 
properties of an enemy radar, the system may 
be required to set jamming equipment and to 
release chaff, Such ECM equipment includes 
various types of antennas designed to receive 
radiation over wide ranges of frequencies and 
almost all angles of incidence and polarizations. 


One of the many types of ECM Ferret antenna 
systems is illustrated in (2) of Figure 5-1. 
This could be a nose radom+? installation on a 
reconnaissance airplane. The letters a, b, c, 
d, e, and f represent sets of receiving horns, 
shown in (b) of Figure 5-1, which cover the 
frequency spectrum under investigation. In 
this case, the horns may also be mounted in the 
belly or in the wingtips of the aircraft, 


If a source of electromagnetic energy is radi- 
ating from point t, the signal received by b will 
be greater than that received by c. By com- 
paring the intensity in b and c, the system gives 
a good approximation to the bearing of the hos- 
tile signal. 


To the radome designer, the most important 
@esired factor in the radome performance with 











Figure 5-3. Nose Rodome for Reconnalssance Airplane; « 
Through f are Sets of Homs, es Shown in (b) 


such a system is absolute uniformity of trans- 
mission efficiency as a function of incidence 
angle and frequency. Variations in transmis- 
sion of power to any components of the receiv- 
ing system amount to distortions of the elec- 
tromagnetic field which would, in effect, give 
false target-bearing information, 


6-2, Solid-Wall Radome 


Except for systems with extremely broad 
bandwidth requirements, the simplest electri- 
cal solution to the radome problem is the thin- 
wall configuration, By general acceptance, this 
construction is defined as a homogeneous wall 
whose thickness 1s of the order of one twentieth 
wavelength (18°) or less in the dielectric, 


At X-band frequencies the physical thickness 
and strength of such a radome are such that it 
is doubtful that the thin wall can be used for 
airborne applications. Figures 5-2 through 
§-10 illustrate the performance of several thin- 


wall configurations at various frequencies, It 
will be seen that increasing frequency usually 
reduces the efficiency of power transmission 


fara given wall thickness, 


The family of curves in Figure 5-2 is a sim- 
ple illustration of thin-wall performance. Ata 
thickness of 0.012 inch, the reflection coeffi- 
cient of the wall increases continuously from 
the lowest to the highest frequency shown, with 
a resultant drop in transmission efficiency. 
The same trend exists in Figures 5-3 and 5-4. 
Beginning with Figure 5-5, however, where 
curves for an 0,048-inch wall are shown, it will 
be seen that the performance does not continue 
to drop with increasing frequency, As wall 
thickness increases, the characteristics of 
half-wave performance begin to appear, These 
are progressively apparent in Figures 5-6 and 
5-7. In Figure 5-8, for instance, efficiency of 
almost 90 percent is attained at normal inci- 
dence for 35 kilomegacycles. 


Figures 5-11 through 5-19 are, in essence, 
crossplots of the first set, relating efficiency 
to frequency. These curves have been illus- 
trated to 13 kilomegacycles, but further data, 
if required, may be selected from Figures 5-2 
through 5-10. 


5-3. Sandwiches ("A," "B,"' and 'C") 


Response curves for "A'' sandwiches will be 
seen in Figures 5-20 through 5-31. Again in 
these curves, the sensitivity to change in fre- 
quency and/or incidence angle is apparent. 
Serious degradation of performance is evident 
at angles from 60° upward, The curves pre- 
sented herein are plotted from tabulated data, 
Information required for any specific problem 
should be checked by computation using stand- 
ard procedures. 


The "C" sandwich is a five-layer wall, con- 
sisting essentially o' two contiguous "A" sand- 
wiches, Its frequency sensitivity is somewhat 
less than that of the "A" sandwich, so that it is 
effective where reasonably increased band- 
width is required, 


The McMillan report? prefers to treat 
radome walls from the standpoint of reflected 
power. In discussing the relative merits of 
various wall configurations with respect to 
broad-banding, Webber's chapter of the report9 
says essentially that the "'A'' sandwich has 
slightly lower reflections throughout a broad 
frequency range than the half-wave wall, Fig- 
ure 5-32 represents the reflected power from 
three such sandwiches at normal incidence. It 
shows that the reflection is less than 10 per- 





cent up to about 16 kilomegacycles for a 0,200- 
inch core. As the core thickness Increases, 
the broadness of range below 10 percent re- 
flection is considerably reduced. Other illus- 
trations show that at 2 400 ineidence angle, the 
range has been reduced from the 1l~ to 16- kilo} 
megacycle shown in Figure 5~32 to only 1- to 4- 


kilomegacycle for reflections under 10 percent, 


The three-layer conventional "B" sandwich 
consists of two skins and a core of dielectric 
media, with the core having a higher dielectric 
constant than the skins, usually equal to or 
greater than the square of the dielectric con- 
stant of the skins, Reflections were computed 
for sandwiches with three cores of different di- 
electric constants and loss tangents, 


In Figure 5-33, the skins are too thin for an 
electrically efficient 'B" sandwich in the X- or 
K-band range, but the design improves the 
bandwidth between 65 and 75 kilomegacycles. 
One may see from Figure 5-34 that the thicker 
"B" sandwich has less than 10 percent reflec- 
tion in the 13- to 20-kilomegacycle range and 
less than 15 percent in the 12- to 24-kilomega- 
cycle range. Figure 5-35 shows that the use of 
a still thicker skin provides 1 method of broad- 
ening bandwidth at still lower frequencies, 
Here, the reflection is under 15 percent from 
about 6 to 13 kilomegacycles. By proper se- 
lection of parameters, the 3-layer "B" sand- 
wich may be made to increase bandwidth at any 
discrete frequency in the range, but like the 
"A" sandwich, it can only do this to a limited 
extent, Ags the skins of the 'A'' sundwich ap- 
proach a quarter wavelength in thickness, it 
becomes considerably less broadbanded than 
the "B" sandwich, Consequently, the latter 
proves to be better suited than the former to 
the construction of mechanically adequate 
radomes for the higher frequencies, 


6-4. Multilayer Sandw iches 


As of the date of publication of this handbook, 
much work is being done toward the deyelop- 
ment of radome configurations that will provide 
the necessary uniformity of transmission effi- 
ciency over the ranges of frequency and inci- 
dence angle required, For the particular ECM 
system shown in (a) of Figure 5-1, a multi- 
layer* construction appears to be the most 
promising solution suggested to date, This de- 
sign, and the methods involved, will be dis- 
cussed in the following paragraphs, However, 


*The multilayer design was developed by Mi- 
cronics, Inc., of Gardena, California, and patent 
applications have been made. 


as noted previously, all ECM and broadband 
requirements are not as stringent as the sys- 
tem of (a) of Figure 5-1, and in such cases 
other wall designs may provide a satisfactory 


mnlerbinn 
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Methods of computing the transmission of 
multiple-layor dielectric walls are discussed 
in Sections B and F of Chapter 2 and in Chap- 
ter 13, 


Illustrative response curves are given in Fig- 
ure 5-36 for the frequency range 5 to 30 kilo- 
megacycles. The designation "11-1072 Sand- 
wich" is an identification that represents an 
11-layer wall whose skins are 0.010 inch (10 
mils) thick and whose cores are 0,072 inch 
thick, The six skins are laminated glass-resin 
alternating withfive lightweight, equal-thickness 
cores, 


A typical calculated response curve over a 
wider range of frequencies is shown in Figure 
5-37, Variations in skin or core parameters 
will shift the curves, but the general shapes 
will not be changed appreciably. 


Figure 5-38 illustrates a typical example of 
the effects of changing core thickness in an 11- 
layer sandwich, Here a portion of the game 
curve as that shown in Figure 5-37 is repre- 
sented by the dotted curve labeled "median 
core," 


As of the date of publication, other approaches 
to the determination of optimum wall configu- 
ration are being studied. One approach, for 
example, involves the investigation of quarter- 
wave matching transformer theory, with 
Tchebyschev distribution of skin and/or core 
thicknesses. 


A serious consideration is the question of 
maximum practicable wall thickness, Unless 
the individual skins and cores are held to rela- 
tively small dimensions, the ultimate configu- 
ration can become cumbersome and heavy, 
This must be carefully examined in aircraft 
design, where weight is usually a prime factor. 


5-5. Conclusions 


For the designer of ECM radomes, then, 
there are a number of practical solutions, The 
one selected will be dictated by several gov- 
erning considerations, First of these is the 
frequency range in which the radome is ex- 
pected to perform. In the spectrum below 
about 3 kilomegacycles almost any reasonable 
wall will give acceptable response. A solid 
wall approximately 20 electrical degrees or 





> _ 


less in thickness will give good power trans- Feasible "A" sandwiches can be designed for 
a mission with low reflection (under 10 percent), continuous spectrum performance at 09.~40° in- 
An "A," "B," or "C" sandwich will also be effi- cidence up to Ky or at 00-60° up to C band, 


cient"if narametars are selected with care. 
Better electrical performance can be obtained 


In the frequency ranges above S-band, the upto K, withthe 'C", T-layer sandwiches or 

' bandwidth required will indicate the probable cher Wieden multilayer Sandwiches, Ge the 

choice of wall. The term broadband is, after - extent that we know the latter) but at that point 
all, only relative. With frequency spread of 1.2 fnechatieal usetulnese hecomas limited. 
to 1, for instance, acceptable pale ae be at 
signed in the same configurations .a& mentione Ai the higher frequencies the 3-layer "B" 

in the preceding paragraph, For 2 to 1, 3 to 1, sandwich is mechanically adequate and can be 

: and even, fo ty there may be. specific combi” denigned to give greater bandwidth ina single 
particular system without going into multiple band, for example, 16,800 3,500 megacycles. 

: sandwiches, 

) The present state of the art, as published, 

From present Indications, however, when the does not appear to disclose inductive, capac- 
broadband requirements approach the order of itive, or magnetic loaded walls which will pro- 
10, 20, 30, or 40 to 1, the practical solution is. vide a continuous low reflection spectrum to 75 

; the multiple sandwich, kilomegacycles, 

\ 

' For complete design information, the reader Here again, the conclusions are based upon 
is referred to the work of McMillan and Red- the definition of bandwidth as far as broadband 
heffer and to reports submitted by Micronics radomes are concerned, The example of 
Division, Zenith Plastics Company, under 16,500 +3,500 megacycles is 4 little greater 

’ WADC Contract AF33(616)-3497, The conclu- than 1.5 to 1, and conventional walls are ac- 

siong in the McMillan final report? indicate ceptable in that range. For many ECM appll- 
that; cations, other configurations must be examined, 
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Figure 5~2, Effect of Frequency on Troneiniasion Efficiency, Solid=Wall Radome, Wall Thickness 0,032 In. 
(c= 4, Ton 5 = 0,014, Perpendiculor Polarization) 
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Figure 5-3, Etlect of Frequency on Transmission Efficiency, Selid=Well Redome, Wall Thicknass 0.024 In. 
(€=4, Ton 5 = 0.074, Perpendicular Polorizetion) 
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Figure 5=4. Effect of Frequency on Tronsminsion Efficiency, Salid=Wall Radome, Well Thickness 0.036 In. 
(e = 4, Ten 8 =0,014, Perpendiculor Polarization) 
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Figure 5~5, Effect of Frequency on Tranamission Efficiency, Solid—Well Rodome, Wall Thicknese 0,048 in. 


(€ +4, Tan 5 = 0,014, Perpendicular Polarizetion) 
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Figure 5=6. Effect of Frequency on Tronamission Efficiency, SolideWall Radome, Wall Thickness 0.060 in. 
(€ =4, Ten § = 0.024, Perpendicular Polarization) 
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Figure 5-7. Effect of Frequency on Trensmiasion Etfictency, Solid=Well Redeme, Wall Thickness 0,075 In. 
I (¢ = 4, Tan 8 = 0,014, Perpendicular Polerizetion) 
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Figure 5-9. Effect of Frequency on Transmission Efficiency, Solid-Wall Radome, Wall Thickness 0.200 In. 
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Figure 5-19, Etlect of Frequency on Transmission Efficiency, Solid—Wall Radome, Well Thickness 0.300 In. 
(e=4, Ton 8 = 0.014, Perpendicular Polarization) 








(uoarssajog snr >ipuadieg “PLO'O = 5 VOL “y= 2) Mf ZOO SEPUAINYL [JOM “ADUMIIGZy VOIssIwsuDI, BwOPOY [[>M—~PHOS “LETS aunbig 


(2wy) A2uanbaa 





Teese oases Sg sae : Cee 
; crys 


pe ee = se 


aaa 





250 


(suaiaig,@09 UoIsrusUD. 280d) 2 | 





SCTSE B 
pees 00! 


(roreexenjog son >spusdsed "10° = ¢ VOL “Y= 3)“ HZO'O SSemIDEGL [10H ‘A>DU0NDI4 3 WorsssmsuaI) swapoy 1104—-PHOS -21—5 e105! 4 


(2usy) douanbas3 





zi 


{4U01915)809 UO/Ba;weUDs Jemod } 


251 





(ecqunz u0jo,g s0jna1pusding ‘yig7n = 9 UO L “y = 2) “Uf SEOO F8OISHyE 110m “A>meII4gy BoIss1msUDI) swOpOY yje_—pr}OG ~E1~—G aunbe y 


{awy) Aduanbasy 


see et ete bt apa ee ed 


ve eeneey eb pete tee et 


ae en 


ee reap 
ppt hae ee p 





aoe 
SEGGSeORDaRRARSe 


(gua1dty,803 UOIsS:wSuos1 samod) 24 


252 


{uotsors20;0,4 syn >spuadied “¥10°9 = 2 YOL “w= =) “Us BOD SEaUND EYL 110m “LUsIDIYy BOLssrMsUOI] smoPEY >M—FI;Cy “y{—5 and1y 








(Dury) AQuanbasy 
et u 01 6 ' 0 . 
PE a oz 
He Coo 
CO ee SSSRRU SEEESEGREe 
Coo ee eee eee Hert 
He S Cra 
eee Coa 








4 Eee ee euuressars 

re Bee HH 

saeseensan ES CH Bg EEE 
BSS Pe oro 

Cea ea Po 

Pee ae 











Patt HAA Hi 
Cot Pe Ppiza tt 
pe ty Poi 
poet tee Lipid 
Wo eee eee aoe sseeen 
Ce eer ey Pe eee ear oT 
i st 1 Po eee eee ea Por 
$a iti Poe eee eee ae Peo o90 
; Be TSE Eee eee ee 
bbe epee tod ph PE | Coe 
Sh i a ee eee ee Se eee 
Hoe eEE—E—>EEE—EeEEEeeeeeeee ea 
pe EEE eee 
f , il anne pa Coe 
i i sod COC ee 
Pt ao 
Po 
Cg od 
pe Cae ae Pe 
pt tee tt I ean 
Pe teeter et Et bids 
Paty -t—0-$ 4-9} Eee ee aoa 
PSS 
Pa ee pty Ty Pe 
3 Pee eer te suena 


Seba peinpepnengeiep tite ttt tet tit iistii is litt 


H ft go phd ed Li aa 
fs pe ee eae rl eee 
: St See 
ine oan T= tj PS ee 
baa ; oe ped tt Ob bo SAS Ta 
ie Ri SS 
; H 2 pits SSS 
i sti tt ee eee eS 
i PoE ee Ee Ee oT ees 
tot eee eee 
Spe ee a) SSeS 
Fh ph go Ftd ped ote og PE SS 








253 


(1ud194 5,902 vorssiwsuDs JeMOd} 24 


(soupris0j0g sopn>ipusdseg "919° = ¢ OL ‘D = 2) -9 0900 FPR IGL [em “A>eeryyy woresmmreesy ewepey JORIS “S1—S HOS! 3s 





Ovo 


30 


O60 


(yubs31y 809 UOIssiwtuns, saM0d) 2 i 


254 


{uoimzunjeg 4ajn> spuediag 


= 2) I S100 Semig] 12m “S>wortyyy weresimseos; swopey jpoq—piyes “91-5 amnde 4 


(2usy) Aouanbass 





(1u0191j4009 UolssuNUD.) JeMOd) > J 


255 


(rossertnjey s9ja>'pusdiog “PIG = ¢ ¥OL “Y= 3) M1 OOLO SEIeIIY [10m “42U919447 worssymsuDs 1 swopoy Jjoy—PHOS “Zj—G ands 


(3urs) Aouanbesy 


z ! oC 
oe ozo 





Zi ii Oo: 6 8 


loo 











CSS LO  ——O—E— eee 
: Aaa Pee Ly tet ett tl ted 
Pit Poe HH ae 
itt Fett tt Poe TY See oe 
itt Potty at Te aS ryt tio ttt ty td 


Ct a te Ds 











Ht epee gt - eH rth Ts +4 tH Pt tte eet 

SRC eee Bee 
we TT Te et er |) SOSTE SRLS PTS HRIE se neeewIS eS Ofo 

Hes PE 

rritiyt Se tr TTy 

PyyiTty J Cet a ee st eo 


















tt H LH Hp pe td 
Pod RT eee ad 
eS EEE EEE EE eee Cb 
Be Eee eee eee 0 
eee 
CO eee ee 
Eee, 
SEE eo eee as 
Sa pee re lr ———*<*—A—<X(XxXx}x_ FE oo ToT wry 
yea Soe ty H 









Peat 4 ty " 
cr cote so et Soe ee 
rt Pett ttt ttt iH Cooter tty 92 °0 
HTH Ne Ace tH 
rH a 
{ Po 
SS tee ie 
CoN ot 
te SN ao 
CoA at 
SOC Tt 
CoO ao 
l 4—i-dud Hy a a 


Ny 
Ch Ae 
Se 

ee He ee 

te ea er} 
oo eee eee 
SEES eee 
eS ea 9 
oo eo oe 
Se ea eee 

TS oa 

SS See 






: cee Eee 

7 pot anne 
ed Bo pene poeeked td 

Zod ; ee ee ea 





(Ju@!diyaod vorssiWiuor, 7aMod) 2t 


256 








i 


lovisexjmjeg wjar[puediog "P1Q'Q = 9 MEL “y = 5) “4 OTD ssOuRDIY I 119M “420071443 wepssjezunss emopey jiag~$1195 “ins amb 


(3G) Aoyanbasy 


secauce H PH ay 
rte 
eae 
oy 





2i 


57 


(4U9}9],;009 VOlssjwsubs) semod) 
2 


(sorsezpojog 405921 puede “p10°0 = 9 "OL “b= 3) 4] OOF 0 SESCPIITL 1194 “Lowery y woresresuns, ewopoy 12m—Pites “61-5 #9514 


{2uy) SQuaabasy 


Oe Ad 


ooo eevee 
Ce eee eee 
pee AR 
$5 CESSESeast 





{ju0151,)009 vOMmsiWwSuoy samod) Py L 


258 


Ce 


vane 


dees 
1 





(44019())809 UOlsejweUod) semrdy 2 i 


259 


frequency (amc) 


6.004, Perpendicular Polarization) 


ion Efticiency, Skin Thickness 0.02: [n., Core Thickness 0.250 In. 


ue 
§ 
& 
af 
B ut 
ms 
j mw 
x 
Ge Wl 
Be 
$7 
a 
ae 
re 
F 
wm 
5 
ws 
: 
c 





{uoppox}0jog svpnrepueaieg ‘¥N0'9=7¢ wos '¥10'O=%o UPL ‘ZL =7> ‘y= >) 
“Hf ODEO FF Ou FII4, MOD “UY POO HFOUYIIG, ULTS “Aoussoy)Z UOLsEUsUOLy swopoy YoImpuds #;6uIs -17—¢ asnbry 


(24) Asuanbay 


o¢'O 


Pa ; a : 
ates oe abd 9 i DO 
ean bs 


oso 


(4¥91314;309 volssiwsuoy samod ) 2 L 


AA 
Va ON Na 
Soe ee 7 Z % 080 


065 


+4 SS 
bab eeiys pes cece ee 
feteseteted eles esees 
sepsis] 


dii3gr: 





260 

















SAT EE CEE, 
Hate | J. 
C 7 _ _. io 
| oe 


8 


tt} | 
le a — a na - 
UN 1S Ht cian a 
He ee Ho i ce 
ey He 


NN 
16 









Ce i p 
if" + Lf 
ve eer] 
A 
P17 






ees 


se 
ey 
Pe 


piesa tt lis 


eo 
enusan Pt 
ro Vy 
Soo 
ooo 











jane beeeEsE 

Coa 
Csr 
ee SSA SSEEEE 
i 
coo 

Po 

ewnaaeria 

aril 

Tid 

a YT 

peal 

poe 

oo 

i 






tr 4 a Pt 
Enea 
TET HR ASH 
Ut LAL EEE EET Ea HE 
AIL He fa EE HATER HHH 
EET ae a rH Ht HAE rEReeer tet 
PHA iy a Ht shit He PER HEH 
. He SHEE Hae Hf a Ht fl HoT EE 
HH He eH ai EEE EH eT 
ve Ee a 
cL | iy L | le Aas 
Car HA Hs PEELE tH 
dl ea 


oO 


fanaa: UdIssiwSubsy samod) 5 nb 


20 


030HR——4 


a 
v. 


261 


frequency (kme) 


-, Core Thicksess 0.359 fn. 


0.014, Tan 3.=0.004, Perpendicular Polorizction} 


y, Skin Thickness 0.024 in. 


=1.2, Ton = 


Figure 5-22. Sizgle Sandwich Rodeme Transmission Efficienc 
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Figure 5-28. Single Sendwich Radome Tranzmission Efficienc: 
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Figure 5-35. Power Reilection from Normal Incidence B Sandwich (Skin Thickness 0.200 In., 
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Figure 5-36. Tronsmission of 1]—Layer Wali Radome with Skins 0.070 In. Thick and Cores 0.072 In. Thick 
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Figure 5=36 (continued), Tronsmission of Tl—-Loyer Wall Radome with Skins 0.010 in. Thick and Cores 0.072 in. Thick 
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INDEX OF SYMBOLS (cont) 


Recovery factor for turbulent 


ein. 
asuy 


Recovery factor for laminar 
flow 


Stress to number of cycles 
to failure 


Temperature, °F 

Temperature rise at element, °F 
Temperature of body, °Rankine 
Boundary layer temperature, °F 
Temperature of the inner surface 


Change of temperature of the 
surrounding medium 


Stagnation temperature, °F 


Temperature in skin at depth 
x, °F 


Stagnation temperature, Rankine 
Ambient temperature, °F 
Ambient temperature, Rankine 
Thickness, inches 

Thickness of panel 

Time, seconds 


Solid wall thickness, 
equivalent 


Airspeed, miles per hour 
Alrapeed, feet per second 
Velocity, feet per second 


Weight of item, pounds 
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x 


Me. 


Pm 


"CR 
°R 


°T 


ninna 
2ace 


Diatance narmal ta an 
feet 


Distance from center to 
element, inches 


Coefficient of thermal expansion, 
dimensionless 


Nondimensional heat transfer 
parameter 


Indicates increase in pressure 
above ambient pressure 


Change in temperature, OF 
Constant, 1.63 
Elongation due to stress, inches 


Elongation due to temperature 
change, inches 


Nondimensional time parameter 


Absolute viscosity of air, slug 
per foot-second 


Poisson's ratio 


Poisson’s ratio for the face 
material 


Density of material, pounds 
per cubic foot 


Density of radome wall 
material 


Stress, pounds per square 
inch 


Critical buckling stress 


Stress in radial direction, pounds 
per square inch 


Stress in tangential direction, 
bounds per square inch 








Chapter 6 


RADOME STRUCTURAL AND 
ENVIRONMENTAL DESIGN AND TESTING 


SECTION A. STRUCTURAL DESIGN CRITERIA 


6-1. Introduction 

Many radomes installed on aircraft must be 
considered as primary structures whose 
failure would endanger or cause loss of the air- 
craft. These radomes may be of various con- 
figurations, may carry cabin pressure or air- 
frame loads, or may perform other vital func- 
tions, The loads or conditions that affect the 
strength of the radome are discussed on the 
following pages, 


6-2. Aerodynamic Loads 


Aerodynamic loads are usually the most crit- 
ical of those imposed on a radome. The load- 
ing may be a function of several conditions, the 
mozt important being airspeed, aircraft atti- 
tude, radome shape, and the location of the 
radome on the aircraft, 


The determination of the air pressure and 
its distribution over the surface of the radome 
is the responsibility of the aerodynamics en- 
gineer. The knowledge required andthe 
methods employed are beyond the scope of this 
work. However, certain fundamentals may be 
presented. 


Figure 6-1 shows an example of a typical 
pressure distribution over the surface of an 
elliptical radome on the nose of a fuselage. 
The stagnation point is the theoretical location 
af the dividing point of the airstream. At this 
point the air velocity with respect to the air- 
craft is assumed to be reduced to zero, thereby 
converting its dynamic energy to stalic pres- 
sure. This pressure may be calculated from 
the relation. 
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(6-1) 


where q = dynamic pressure, pounds per 
square foot 


V =airspeed, miles per hour 


The pressure at other points on the surface 
of the radome is usually expressed in terms 
of the relation Ap/q, where ap indicates the 
increase in pressure above the ambient pres- 
sure. The value of A4p/q may be presented 
either as a scale drawing, as indicated by 
Figure 6-1A, or by curves, as indicated in 
Figure 6-1B. Note that at the stagnation point 
the stagnation pressure has avalie of Ap/q = 
1.0, 


The radome shown in Figure 6-1 is of a shape 
satisfactory for subsonic aircraft. At higher 
speeds the radome tends to be more stream- 
lined. The conic radome shown in Figure 6-2 
is an example of a configuration for very high 
speed flight. The typical aerodynamic loading 
is shown in Figure 6-3, 


If there is lack of symmetry caused by a yaw 
or pitch attitude of the aircruft, or by a gust, 
the radome will pass through the airstream at 
an angle. This will produce unsymmetrical 
pressures on the radome, which in turn will 
create a bending moment and shear load. Such 
a condition of unsymmetrical air loading is 
shown in Figure 6-4, 
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Figure 6=1, Pressure Distribution Over Surface of 
@ Subconia Radome 


6-3, Inertia Loada 


Inertia loads are caused by sudden changes 
in the direction of motion of the aircraft. Such 
accelerations may be engendered by acrobatic 
maneuvers, by landing, braking, or by encount- 
ering a gust. Inertia loads may also be created 
by rotational accelerations of the aircraft about 
any one of its axes, by vibration, or from many 
other causes, 


{nertia loads are measured in terms of grav- 
ity, or ‘‘g". Han airplane essays a 3g maneu- 
ver, every item of weight will be tripled. A 
radome or antenna that normally weighs 100 
pounds will weigh the equivalent of 300 pounds, 


Because the loads produced by aerodynamic 
forces are generally very large in comparison 


ee 


Figure 6=2, Pressure Distribution Over Surfoce of a 
Conle Radome 
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Figure 6~3, Aerodynamic Loading Foro Conic Rodome 





Figure 6=4, Unsymmetricel Air Loading One 
Conic Redeme 


to the inertia loads of the radome, the latter 
may generally be neglected. Exceptions to this 
general statement may be the cases where a 
large and heavy boom is carried in the nose of 
the radome, where antennas o1 other items af 
heavy equipment may be supported directly by 
the wall of the radome or where the radome is 
constructed of avery dense material auch as a 
ceramic. In these cases the inertia load due to 
translational acceleration may be calculated as 
follows: 


i= Wa (6-2) 
g 


OS eae 





whe.e  . = load due to acceleration, pounds 
W = weight of item, pounds 


a =acceleration, feet per secand per 
second 


& =acceleration of gravity, feet per 
second per second 


Radome deflections caused by inertial loads 
may be critical where close clearance exists 
between the radome wall and antenna dish. In 
this case, radome and dish deflections should 
be analyzed to insure clearance under maxi- 
mut accelerations, Excessive radome deflec- 
tlon is undesirable electrically in any case and 
may be a serious problem with high fineness 
ratio configurations that require low beam 
deflection errors, 


The location of a radome on the aircraft is 
usually determined by electrical considerations. 
It may therefore be found in areas where inter- 
nal pressure must be carried. In some in- 
stances internal pressure is required for 
proper operation of attendant antennas. In both 
of these cases the pressure will not only be 
known, but will be controlled within very close 
limits. The known loads on the radome will 
thus allow an accurate basis for the calculation 
of stress in the radome and in its attachment 
to the alrcraft structure, 


It is more usual for a radome to be installed 
in an unpressurized area. Here the designer 
and stress engineer might assume that the in- 
ternal pressure is ambient. This could be a 
very dangerous assumption, particularly if the 
radome has a shape that makes it inappropriate 
or weak a8 a pressure vessel, 


It has been found that pressure variations of 
some magnitude may be created in radome 
cavities by the opening of a door, the lowering 
of a flap, or some other circumatance that may 
alter the character of the air flow. If the 
radome shape or wall construction is such that 
small positive or negative loads can produce 
critical stresses, thanconservative assumptions 
of internal pressure must be made. 


A hemispherical or cylindrical shape is obvi- 
ously excellent for carrying internal pressure 
if the material has good tensile strength. If 
the internal pressure is negative the radome 
will be critical for instability buckling. The 


critical pressure for such a case is difficult 
to predict accurately, Particularly if the shape 
is something other than spherical or cylindri- 
cal, very high bending moments may be devel- 
oped with very low differential pressures. 


6-5. Blast Pressure 


The term ‘'blast pressure’ is applied to 
pressure waves from explosions. The pres- 
sure created is similar to that produced by 
aerodynamic loading but is of short duration, 
generally sever, alt almost always asymomvetric 
in applicatton, Blast pressures themselves vary 
considerably in duration, depending on the 
source, and differ jn their structural effect on 
the radome. 


A pressure wave induced by the explosion of 
a very heavy charge may have a duration of 
several seconds, This interval of time is large 
enough to consider the pressure produced as a 
static loading. The blast pressure in this case 
may be considered to act in conjunction with 
other static loads applicable to the condition. 


A pressure wave of very short duration, even 
though of high intensity, is not likely tu produce 
a general instability fallure of a radome. The 
inertia of the redome wall itself will largely 
resist any loading of short duration. If the 
blast pressure is repeated at high frequency, 
as from a machine gun, it ts possible that a 
resonance may be set up that could regult in 
failure of the radome. This is a transient con- 
dition almost impossible to analyze. 


The greatest danger from high-frequency 
blast is general disintegration of the random 
wall. This ie particularly likely for sandwich 
walls with light cores. 


6-6. Ambiont Loads in Adjacent Structures 


The electrical requirements of radomes usu-~ 
ally require their placement on extremities of 
the airp'ane, such as the nose or tail of the 
fuselage, the tips of the wing or fin, or sus- 
pended as an appendage to some other portion 
of the aircraft. In all of these locations the 
structural loada are comparatively slight. The 
very common type of radome installation, con- 
sisting of a hemispherical shaped enclosure 
attached to the belly of the aircraft, is a case, 
however, where the radome may be fitted toa 
heavily loaded structure. Here again, the 
shape is such that very little load can be trans- 
mitted into the radome itself, In alk of these 
cases the stress analysis of the radome can 
usually proceed under the assumption that the 
mounting structure is rigid and undistorted, 





and that no structural loads are transmitted 
into the radome, 


As aircraft speeds increase-there is increas- 
ing necessity to employ moreshallow radome 
shapes, or to make them flush with the aircraft 
contour, When these radomes are located at 
some distance from the extremities, the sur- 
rounding structure may be highly stressed. If 
the radome be solidly attached to the surround- 
{ng members, it {is inevitable that it will, 
assume some of their load, The stresses thus 
created must be considered in the design with 
all the care of the primary or direct loads. In 
fact, a radome of this type may be taken as an 
article of primury structure since any sudden 
failure would result in a sudden shifting of load 
to adjacent material and could cause failure of 
the primary structure. 


The amount of stress assumed by the radome 
in parallel structures of the type described will 
be proportional to the rigidity of the two ma- 
terials, Since rigidity is a function of Young's 
Modulus, the relation is: 


E 
R - 
f Ags (6~3) 


stress in radome, pounds per 


where f 
5 square inch 


f, = stresy in structure, pounds per 
square Inch 


ER ® Young's Modulus, radome, pounds 
per square inch 


Eg = Young's Modulus, structure, 
pounds per square inch 


As an, example of the severity of the loads 
that can be imposed, a stress of 10,000 pounds 
per square inch will be imposed on a glass-re- 
inforced plastic radome if it is attached to an 
aluminum structure carrying a stress of 40,000 
pounds per square inch. In this case Young’s 
Modulus of the plastic was assumed to be 2.6 
million and that of the aluminum to be 10 
million, 


In addition to the direct axial loads, tension, 
and compression, the radome may be forced to 
pick up all of the shear flow in its local area. 
In this case the load may not be proportional to 
rigidity. 


284 


8-7. Thermal Shock 


Thermal shock Is the term applied to the con- 
dition in which large temperature gradients are 
induced in a structure. These gradients pro- 
duce differential expansion which, in turn, pro- 
duces stresses in the material. These are 
termed thermal stresses. Some of the factora 
that influence the amount of stress that may be 
created in the wall of a radome by thermal 
shock are listed and described below, 


a, Temperature distribution. The rate of flow 
heat is a function of the applied temperature 
with respect to the temperature of the part 
under consideration. 


b. Heat transfer coefficient. The rate of 
flow of heat between the surrounding medium 
and the part is also a function of the heat trans- 
fer coefficient. The heat transfer coefficient is 
defined as the amount of heat that can be trans- 
ferred in unit time between th? surrounding 
medium anda unitarca of the part for cach unit 
of temperature difference. 


c. Thermal conductivity. The rate of heat 
transfer into the part and the thermal gradients 
within the part are largely controlled by the 
thermal conductivity of the material, or mater- 


jals if the purt is a sandwich structure. 


d. Thickness of the part. The thickness of the 
part ‘affects the temperature gradients within 
the part, and therefore the thermal stresses that 
ure developed. 


e. Emissivity, The loss of heat duc to radiation 
te a function of the emissivity of the material, 


{, Time of exposure, The duration of exposure 
determines the degree of heat penetration and, 
with other factors, determines the temperature 


gradients and stresses in the material. 


The combined effect of these many factors is 
frequently complex and not always analytically 
determinable. If a material had an infinitely 
high thermal conductivity, so that it could instant- 
lyassume a uniform temperature consistent with 
any change of temperature of the surrounding 
medium, then there could be no thermal stress 
generated in the part. (This is not truefora 
sandwich using two materials having different 
coefficients of thermal expansion.) This might 
lead to the general conclusion that a high 
thermal conductivity is always helpful in elim- 
inating failure from thermal stress. This 
assumption, howaver, is entirely incorrect for 
the case of a material with a low tensile 


strength when subjected to a very high temper- 
ature for a short period of time. With low 
thermal conductivity only the outermost fibers 
become heated and, when expanded, require 
only low internal tensile stresses for equili- 
milion, (i: that matasial (hadi hich: (hanmal, “con 
ductivity,a greater amount of the outside fibers 
would become heated, and would require higher 
internal tensile stresses for equilibrium. An 
excellent discussion of the phenomena of heat 
transfer and thermal stresses is given in Ref- 
erence l. 


Thermal shock may be imposed on an air- 
craft structure from many sources, e.g., the 
engines or other propulsion units, devices to 
assist in takeoff, or proximity to an explosion 
of great intensity. The most usual case, how- 
ever, will be that of the aircraft traveling for 
short periods of time at velocities sufficient to 
generate a great amount of heat through fric- 
tion with the atmosphere. The temperature 
rise associated with this type of heating is 
termed '‘aerodynamic heating’. 


The determination of the thermal effect due 
to engines or propulsion units is too broad a 
subject to be considered here. The multitude 
of variablea in power plant installations with 
respect to radomes precludes any possibility 
of adequate discussion. In addition, the design 
criterla related to the thermal effects of high- 
intensity explosions cannot be discussed for 
several reasons. Therefore, only the design 
criteria for aerodynamic heating will be con- 
sidered. 


The source of the heat that produces the 
temperature rise in the aircraft surfaces is the 
kinetic energy available in the relative wind. 
Stream. At the stagnation point on the nose or 
leading edge entering the windstream, where 
the windstrearn velocity is reduced to zero, the 
entire kinetic energy is assumed to be con 
verted intu heat energy. Along the sides of the 
surface, skin friction produces a boundary 
layer effect, which results in a theoretical 
velocity of zero at the surface. As the air- 
stream adjacent to the surface is moving at 
airstream velocity, it is apparent that a shear- 
ing action must take place between the adjacent 
layers of air as shown in Figure 6-5. Due to 
the viscosity of the air, a friction force is 
generated, which produces a temperature rise. 
The air, heated by these two phenomena trans- 
fers heat to the relatively cool surfaces of the 
aircraft until the temperature rises enough to 
cause loss of heat from the body, due to con= 
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duction and radiation, to just offset the input of 
heat. At this temperature, thermal equilibrium 
exists. 


The Losiooratuss: Bus te cerodvanaete Rots 
and the temperature gradients in the wall of 
solid-wall radomes may be calculated from the 


following equations. 


of 

cgght® A 
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ce 


aa 





Figure 6=5. Boundary Layer Velocity Gradient 


Stagnation Temperature. The stagnation tem- 
perature is the temperature reached by the air 
brought to a complete rest at the nose or lead- 
ing edge of a surface entering the windstream. 


The temperature of the air may be calculated 
from the following equation 


ve 
Ty = 1/2 ——+T, (6~4) 
Jey 


where Tg, = stagnation temperature, OF 


* Ty ambient temperature, °F 


v = airspeed, feet per second 


J mechanical equivalent of heat 
(778 foot-pounds per Btu) 


> upecific heat in Btu per slug, OF 
(one slug = 1 geepound = 32.174 
pounds) 


The sp*cific heat of air is nota constant but 
varies with temperature. The value of Cp may 
be taken from Figure 6-6, calculated from 
Equation (6-5) 


Cy = 8.085 x 10°77 T24.7.60x 10757 +7.717 (6-5) 
where Cy = specific heat, Btu per slug, OF 
T « 


température in OF, 


The stagnation temperature may also be cal- 
culated from an equation presented by N.J. 
Hoff3, which assumes that cp is independent of 
temperature. 


2 
T= Tj (: = (6-8) 


where T, = stagnation temperature, Rankine 
(Degrees Rankine is °F plus 
460.) 
T = ambient temperature, Rankine 
M~ - Mach number 


_ Recovery Factor. The temperature rise of 
the boundary layer of air around an object in 
the airstream is generated by fri-iion. The 
layer of air adjacent to the surtace is asaumed 
to have zervu velocity. Subsequent layers away 
from the surface are moving at increasing 
speeds until free airstream velocity is reached. 
The difference in velocity of the layers of air 
with respect to each other produces friction 
among the molecules, and a corresponding rise 
in temperature. The ratio of the temperature 
rise due to friction as compared to the temper- 
ature rise due to compression is called the re- 
covery factor, The recovery factor may be ex- 
press 1 ma:hematically by 
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Th - Ty 


Ta - Ty 


r= (6-7) 


where r = recovery factor 
Tp = boundary layer temperature, °F 
T, = ambient air temperature, OF 
Tg = stagnation temperature, °F 


The recovery factor may be calculated to a 
degree of accuracy suitable for most practical 
applicatio. from the following equation which 
was derived for a flat sheet parallel to the 





windstream. 
Chu \i/8 
Tp = ( 7 ) (6-8) 
k 
fo »\1/3 
Tr = (= “) / (6-9) 
k 
where t) = recovery factor for laminar flow 
r, = recovery factor for turbulent flow 
Cp = specific heat of air in Btu per slug, 
oF 
u = absolute viscosity of air, slug per 
foot- second 
k = thermal conductivity of air, Btu 


per square foot-second- 9, per 
foot 


Spe is usually referred toas the Prandtl number. 


forep, k, and , may be takenfrom Figures 6-6, 
(Values 6-7, 6-6, and Equation (6-5).) 











The recovery factor fog various cone angles 
and airstream velocities* is shown in Figure 
€-0. The aaia vi ine cone coincides with the 
direction of motion. In addition to the varia- 
tion with cone angle and velocity, the recovery 
factor is influenced by the station along the cone, 
since the thickness of the boundary layer in- 
creases with distance fram the nose. As the 
thickness of the boundary layer increases, less 
heat jis transmitted, The attitude of the cone 
would also affect the temperature because of 
its effect on turbulence, but it is doubtful that this 
effect can be evaluated at this time, 


Boundary layer temperatures for various 
velocities and altitudes, and for laminar and 
turbulent flow, are shown in Figure 6-10. The 
data presented are intended to be indicative, 
not precise, It is doubtful that precise calculu- 
tions of temperature along the sides of a 
radome can be made at the present time. 


Equilibrium Temperature. With increased 
time of exposure, the temperature of a surface 
will gradually approach the temperature of the 
boundary layer. Most of the difference between 
the two tempe. atures will be due to heat lost 
through radiation, At lower speeds and lower 
temperatures, the difference will be less than 
at higher speeds and higher temperatures. 


The radiation joss of a black body is: 


4 
Qs oani(-™) Btu per sq, ft. - sec, (6-10) 
1000 


where Q = quantity of heat, Btu per square 
foot-second 


T' = Temperature of body, "Rankine 


Since the temp*rature loss from radiation is 
proportional to the fourth power of the absolute 
temperature, it is only at high Mach numbers 
and corresponding high temperatures that radi- 
ation losees are appreciably high. 


Another source of heat loss is conduction into 
other portions of tue airframe, such as the 
structural members, the fuel, and other items 
making up the mass of the structure. 


Transient Skin Temperatures. An exact deter - 


mination of the time-temperature history of the 





thermal gradients ina radome wali under con- 
ditions of thermal shock is difficult. Reference 
2 presents both « simplified method and a more 
exact method for use with solid~wall radomes. 
The equation for the simplified method is given 
here for convenience. 


“3x 
. 2a/t 

p- ne 

é ' 

are 


Tx ® Ty «(Tp - 7) (6-11) 


where Tx = temperature in skin at depth x, 


oF 
Tp = Boundary layer temperature, °F 
T, = ambient temperature, °F 

hi = h/k 


h = heat transfer coefficient, 
Btu per square foot-of-second 


k = thermal conductivity °F air 
§ = constant, 1,63 
e = base of natural logrithma, 2.71828 


x = distance normal to surface, feet 


diffuatvity, (sic) 1/2 


k «= Thermal conductivity of 
radome wall material. 


/’m «= Density of radome wall 
material. 


C = specific heat of radome 
wall material. 


t = time, seconds 


Typical, approximate, computed curves of 
temperature versus time are given in Figures, 
6-11 through 6-14 as a functionof h, k,C, and x. 
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Figure 6=9, Temperatures Recovery Factor Versus Velocity for Several Cone Angles 
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Figure 6-10, Boundory Leyor Tempercture Veraua Velocity (Neglecting Radiation) 
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Figure 6=11, Redeme Skin Temparatuey Versus Tine fer Different Velues of Boundary Leyer Heat 
Transte Confficiant (h)} 
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Figure 6-12. Redome Skin Temperuture Versus Time for Different Values of Thermal Conductivity (k) 
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Figure 6-13. Radome Skin Temperature Versus Time for Different Values of Specific Heat (c) 
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6-8. Thermal Stress 
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Figure 6=14, Radome Skin Temperature Versus Time for Different Valves of Distance (x) 


exist in a manner identical to thermal shock, 


except that the time interval {sg much longer. 
As discussed in paragraph 6-7, thermal shock 


produces stress because of the therme] gradi- Some of the fuctors that affect the degree of 
ents within the walle of the material, As the 


t 
a 


materials with different coefficients of thermal 


thermal stress induced in a atructure by tem- 
perature changes are: the relative tempera- 
tures, the coefficients of thermal expansion, 
Young’s Modulus, and the areas of the two 
materials acting in mutual restraint, 


emperatures within a homogeneous materia) 
qualize, the thermal stress disappears, 


On the other hand, in structures composed of 


expansion, thermal stresses will still exist, 


u 


original temperature change. An example of 
this is the stress induced when dissimilar met- 


and subjected to a change of temperature. An- 
other example is the case of a radome using a 
sandwich construction, 


6-9, Thermal Buckling 
nder isothermal conditions as a result of the . 


Thermal buckling is caused b; thermal 
streac, whether it results from temperatura 
differential or from the difference in elonga- 
tion of diasimilar materials. The term "Dbuck- 
ling" implies compression or shear stress. 
If parte of the aircraft structure are loaded in 
compression or shear, and if thermal stresses 


Is are restraincd with respect to each other, 


Similarly, thermal atreases exist when the produce an initial bowing or bending, then the 
aking of a wing become heated and expand, Primary stresses may become critical, and 
while the interior of the wing remaing rela- result in premature failure ci the part. It 
tively cool. In this case all of the factors should be noted that the buckling of panels is 
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not the creation of atress, but rather the relief 
of stress. A homogeneous slab with unequal 
face temperatures will bow in a curv3, which 
will completely relieve stress provided there 
ig no restraint, ‘The stress avsuciaied wet 
the temperature differential, in a restrained 
part, may be calculated as the atress produced 
in forcing the bowed bar into its original 
straight shape. 


If the part under coasideration is an external 
surface, the smoothness or waviness require- 
ments of the aircraft may be destroyed hy 
thermal buckling. Buckled or warped panels, 
twisted frames, gapa, or protruding edges are 
obviously aerodynamically undesirable. 


6-10. Impact 


The preblem of impact resistance of radomes 
has received little attention, and there are no 
commen design criteria for this condition. A 
aimple analysis of the problem may, however, 
be cf some help. 


Impact loads may be divided into four classes: 


a. High velocity-low mass objects, such as 
the impact of hailstones in flight, 


b. High velocity-high mass objects, such as: 
the impact of large birds in flight. 


c. Low velocity-high mass objects, such as 
striking a radome with a ladder or other object 
while handling or servicing. 


d, Low velocity-low mags objects, such as 
small particles of grave) driven by a high wind 
or blast from another aircraft, 


The Naval Air Development Center, Johnaville, 
Pa., recognizing the importance of impact re- 
sistance, developed a test method for sandwich 
construction, which consists of dropping a 2- 
inch-diameter steel ball a distance of 26 feet 
onto a 12-inch-square panel with simple edge 
support. Sandwich panels capable of realsting 
this test were designed and constructed. These 
panels were made with flexible resina and spe- 
cial core matertal (high-density honeycomb 
dipped in flexible resin), Test panels patterned 
after this construction demonstrated that this 
impact-resistant construction was somewhat 
superior to conventional sandwich constructions. 


Although the panels deacribed offered more 
resistance to impact than regular panels, it 
could not be said that they were hail resistant. 
The question of hail resistance must include the 
factor= of hailatmna aize and aircrait velocity; 
and to the writers knowledge suitable criteria 
have not been defined for any aircraft. 


The impact of "bird-sized" objects in flight 
can be expected to be accompanied with such a 
high level of energy that considerable damage 
may be done. The amount of damage that can 
be expected will depend on the maga of the ob- 
ject, velocity, angle of impact, and the strength 
and rigidity of the structure. Solid wall 
radomes are highly impact resiatant due to the 
high strength and flexibility of reinforced plastic 
materials. Sandwich structures are extremely 
susceptible to damage due to their relatively 
weak core materials. 


Sandwich structures may easily be delaminated 
by a single blow, from handling or by impact 
with an object while in flight. Although the 
delamination may be small, its effect on the 
strength of the part may be serious. The low 
peel strength of the brittle bonds employed do 
not tend to contain or limit areas of failure and 
delamination of unbonded areas will propagate 
rapidly when subjected to vibratory loads. 


Impact damage from handling is unlikely in 
salid wall radomes of reinforced plastic, but is 
a serious problem with sandwich construction. 
Every effort should be made to protect the 
radome from damage and abuse. Frequent 
inspections should be made during its service 
life to insure early knowledge of failure. 


Small impact loads can usually be sustained 
even by a fragile sandwich. Impacts of small 
rocks or gravel, or by a screwdriver, will not 
normally result in damage unless the skins are 
unusually thin. Rain erosion coating or rubber 
boots are ofconsiderable aid in resisting this 
kind of damage. 


The use of heavy wall constructions, boots, 
and flexible resins usually results in inferior 
strength-to-weight ratio and electrical char- 
acteriatics. The gain in impact resistance by 
these mvthods is usually at the expense of 
poorer radome performance. 





SECTION B. FACTORS AFFECTING THE STRENGTH OF RADOMES 


6-11. Introduction 


The atresg analyais of radomes is basically 
no different than that of any other structure, 
The sequence of thought and solution to be [ol- 
lowed is identical to the stress analysis of any 
other part of the aircraft. The steps normally 
followed are presented below: 


a. Determine the loads or conditions that 
may cause or contribute to failure. 


b. Visualize the various modes of failure 
that may take place, 


c. Determine the stresses, or, if the part is 
critical for instability buckling, determine the 
loading applicable to the mode of failure, 


d. Determine the allowabie stress, or, if 
checking for instability, determine the allow- 
able load applicable to the mode of failure under 
consideration, 


Although the basic methods of stress analysis 
for radomes are like those for any other struc~ 
ture, the details of the analysis are much more 
difficult because they are complicated by many 
of the factors listedand discussed on the follow- 
ing pages. 


6-12, Shape 


The general geometry of radomes places them 
in the category of shells or unsymmetrical 
pressure vessels, This is a configuration cate- 
gory generally conceded to be one of the most 
difficult to analyze, The design problem is 
further complicated by the fact that most 
radomes du not have analytic shapes, such as 
spheres, cones, cylinders, or ellipsoids, In 
many cases the shape is largely determiaed by 
the structure to which the radome is attached 
or is forced to conform to unnatural contours 
by surrounding structure, These shapes ucually 
are not mathematically defined, but are des- 
scribed by loft lines only. 


6-13. Loading 


The loading on radomes can be highly complex, 
consisting of aerodynamic loads, inertia loads, 
internal pressure, blast pressure, primary 
structure loads, thermal stresses, vibratinn, 
and Impact. These loads may be applied sepa- 
rately, or together in many different combina- 
tions. Wings, fuselages, surfaces, and gear 
usually have well-defined and simple loading 
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systems. A radome, on the other hand, is 
likely to have rapidly varying loads as a resuit 
of positive and negative pressures over its sur~ 
face. The very firsi phase of the stress assess- 
mont may thus become impossibly complex and 
require simplifying assumptions before analysis 
cun begin. If several loads are simultaneously 
applied, further simplifications must be made. 
It ig apparent that a considerable amount of 
judgement must be used to prevent the simpli- 
fications from becoming either excessively 
conservative or dangerously unconservative, 


6-14, Materials 


Reinforced plastic materials used in racome 
conatructionare usually unfamiliar to the stress 
analyst. In place of the familiar steel and alu- 
minum alloys, which have well documented 
physical properties with minimum guaranteed 
physical properties, the analyst is forced to 
deal with an unknown materia] having ill-defined 
and probably inconsistent physical properties 
and characterjstics. Metals, the materials 
familiar to most designers, are blessed with 
isotropic, or near-isotropic properties, With 
but few exceptions, reinforced plastic mate- 
rials are not isotropic, and may not even be 
orthotropic. This may become all the more con~ 
fusing if the known direction of the fibers geta 
lost in the layup. 


In metal design, the stress analyst is required 
towork with relatively few well-known materials, 
Reinforced plastics, on tse other hand, may be 
fabricated from any one o» a inixture of many 
types of cloth, using one of several resins, and 
with various catalysts, cures, pressures, and 
curing time, each factor being significant in the 
strength of the final laminate. 


6-15. Wall Construction — General 


The radome wall may be fabricated «.iher as 
a solid wall, or as sandwich wall. A‘though 
solid wall radomes may be considered as 
conventional, liitle data is available for analy- 
tical approaches for shapes normally found in 
radomes, If the wall construction is « sand- 
wich, the stress analysis is greatly complicated. 
Much of the data suitable for use with solid- 
wall radomes is useless or muagt be used with 
conservatism when applied to a sandwich 
structure. In radome construction, the [7.09 
of the sandwich are almost invariably made of 
reinforced plastic, The core material, or the 
other hand, may be glass-reinforced plastic 
honeycomb, foamed in place, prefabricated 


expanded plastics, fluted core, or waffle core. 
Other core materials of sundry materials and 
characteristica may also be emplcyed. 


The core materials enumeratedexhibit diverse 
properties, many of which have a decided effect 
on strength, Tt ta deemed worthwhile to discuss 


these properties in detail, since knowledge of: 


their characteristics is very necessary in the 
preparation of anaccurate prediction of radome 
strength. 


6-16, Wall Construction — Honeycomb 

The most common core material is glase- 
cloth reinforced plastic honeycomb. This 
material may be considered relatively uniform, 
reproducible, and consistent in strength. Occa- 
sionally there may be found a small variation 
in weight, and like wood, a corresponding vari~ 
ation in strength. Honeycomb core material is 
produced in a variety of materials, cell sizes, 
and weights. Each type will vary somewhat in 
physical properties, Because of fabrication 
techniques, the material has a “with ribbon" 
direction and a "cross ribbon" direction. (See 
Figure 8-1 of Chapter 8,) The Physical Proper- 
ties in the two directions are quite different, 


Another factor inherent in manufacturing is 
the finite size of the blocks of honeycomb that 
can be laid into the sandwich, The resulting 
joints have a profound effect on the amount of 
core shear stress that the sandwich can carry. 
The edge bonding of the honeycomb blocks to 
insure shear continuity appears to be a logical 
solution, but production difficulties are so 
sever as to have made this method impractical. 
To minimize the effect of core joints, radome 
specifications call for the core material to be 
laid up in a random pattern. Unfortunately, 
this also is an impractical solution. It would be 
extremely difficult, if not impossible, to make 
the core layup in such a fashion as te comply 
with the intention of this requirement. Since it 
is commen practice to fabricate radomes with- 
out shear continuity between the blocks of 
honeycomb core, it is well for the stress analyst 
to be fully aware of the condition, and to evalu- 
ate properly the structure as it will exist, 


Fortunately, the principal purpose of the core 
material in a sandwich wall is to separate the 
faces and provide a large moment of inertia to 
prevent buckling. Due to the shape of most 
radomes, the majority of the shear load is 
carried in the face material, The core itself is 
required to carry local pressure loads until 
they can be distributed into the faces, and in 
some cases to carry concentrated loads, 


Although the listed strengths of honeycomb 
core may appear to be quite high, the designer 
should be very much aware of the possible loss 
af strength dec ts core joints. Sume ul ihe 
variables affecting the efficiency of shear trans- 
fer across a joint are listed and discussed 


below. 


Core Shear Strength. The stronger the core 
material, the higher the shear load that can be 
carried in the basic material, Since shear load 
ig carried across unbonded jointa by bending in 
the faces, it is apparent that the limiting amount 
of load is due to face atrength. With face 
strength a constant, efficiency will decrease 
with increasing core shear strength. (Efficiency 
is defined as the ratio of the load that can be 
carried in shear acroas the joint, or gap, to the 
load that can be carried in the basic material.) 


Face Thickness. Since shear load is princi- 
pally tranaferred acroes unbonded core joints 
by face bending, it 1a apparent that face thick~ 
ness is a very important factor in core joint 
efficiency. Since the moment of inertia of the 
face 1s proportional to the cube of the thickness 
and strength is proportional to the square of the 
thickness, it.is seen that thin skins may vresent 
a dangerous weakness from the standpoint of 
core shear strength. 


Strength and Flexibility of Bond. When the 


faces of the sandwich are required to transfer 
shear load across an unbonded core joint, the 
faces act in ‘‘free but guided’’ bending, as 
Figure 6-15 indicates, the bond adjacent to the 
gap is subjected to an extremely high concen- 
tration of stress, If the bond is extremely 
strong, then an appreciable percentage of the 
load can be transmitted across the joint. If the 
faces of the sandwich are strong and rigid, they 
will tend to reduce the peak stress, and distrib- 
ute the load over more of the face bond. 


Another factor that is of great importance is the 
brittleness of the bond, If the adhesive is flex- 
ible, it will allow some yielding, reducing the 
peak stress, and allowing a redistribution of 
load into more of the bond. Om the other hand, 
if the bonding material is brittle, the entire face 
will delaminate at the first sign of failure. Be- 
cause many of the resins used in radome fabri- 
cation are of the brittle type, this should be 
given careful consideration. 


Thickness of Core. The greater the thickness 
of the core, the greater the load it can be ex- 
pected to carry. Considering the thickness of 
the faces to be a constant, and therefore of con- 
stant strength, core joint shear efficiency will 
decrease with increasing core thickness. 








flatwise tensile 
stress on bond 





Figure 6-15. Streas on Bond Adjacent to Gap 


Gaps in Core Joints, If the jointa between 
blocks of honeycomb core material are separa- 
ted a finite distance instead of being butted or 
interlocked, the effect ia to further reduce the 
load carrying ability of the sandwich, If the 
faces are also loaded in compression, another 
critical factor is added. 


6-17, Wall Construction — Foamed-in-Plave:. 
Core 


In fabricating a foamed-in-place sandwich, 
the sking are first molded and precured, The 
resin containing the foaming agents is then 
admitted between the two skina, which are con- 
tained in matched metal molds. Aa the foaming 
takes place, the material flows under congider- 
able pressure, due to its viscosity, between the 
two skins. Since the foam clings and bonds to 
the two skins, the velecity of flow next to the 
skin ig zero, This creates a condition of strain 
in the material next to the bond lines and usu- 
ally results in a plane of weaker material next 
to the face of the sandwich, A close examination 
of a cross section of the foam will show the 
enlarged cell structure next to the skin, It is 
this plane of weakness that determines the 
atrength of the core material in shear. In cre- 
ating the core material of the sandwichsby 
foaming in place, there may be a considerable 
variation in density between radomes. The 
nominal density of the foam may be controlled 
within wide limits, but an allowable variation 
of from 10 to 15 percent should be expected. 
This point is discussed because the strength 
of foam core varies almost directly with its 
density. Shear and compression values should 
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be based on minimum densitles expected rather 
than nominal values. 


Foamed-in-place core materials do not pose 
the problem of core joints and reduced effi- 
ciency as does honeycomb. The shear strength, 
therefore, may actually be higher from the 
standpoint of useable strength, althoug.. the 
theoretical strength of the foam may be less. 
The reliability of bonds is excellent for foamed- 
in-place sandwiches. It may also be noted that 
foam density variations occur within the radome 
and tend to be a function of radome size and 
length. In general such variations may be as 
high ag +10 percentor more of nominal density. 


6-18. Wall Construction — Prefabricated Foam 


Prefabricated foam is made by foaming the 
material in open or closed molds and precuring 
without sking, The material is then cut to the 
proper thickness and size and laid up in the 
gandwich in the same manner that blocks of 
honeycomb are used, The use of the material 
in the form of prefabricated blocks again results 
in a discontinuous structure with core joints, 
In thia case, however, it is not impossible to 
bond together the flat sides of the core blocks 
to facilitate shear continuity, Another advantage 
of prefabricated foam is the control that can be 
exerted on cell structure and weight. As cured 
blocks, the material may be visually examined, 
weighted, or otherwise tested and rejected if 
found unsatisfactory, 


The disadvantages of prefabricated foam lie 
principally in the high cost of the core blocks, 
the added cost of layup in the sandwich, partic- 
ularly if itis necessary to edge-bond the blocks 
or to countour the material. Another disadvan- 
tage is the necessity to make secondary bonds in- 
stead of the primary bonds formed by foaming in 
place, 


6-19, Wall Construction — Fluted Core 


"Fluted core", or "channeled core", ig fab- 
ricated by either the lost wax method, or by 
molding in matched metal dies, The result is a 
core material of open ducts through which hot 
air can be forced for the purpose of anti-icing. 
See Figure 6-16. Because this type of construc- 
tion is usually used for anti-icing radomes, 
which require very thin sking and thin and 
widely spaced weba for best hot air flow and 
conductivity, structural problems can be 
expected. The very thin faces are easily punc- 
tured and damaged, and the thin and widely 
spaced webs are easily crushed, 


It is apparent from Figure 6-16 that a sand-~ 
wich using fluted core will have shear continuity 





wie LILI 


fluted care 


lost wox core 


Figure 6~16, Fluted Core end Lost Wex Core 


in only one direction, (Shear continuity denotes 
continuous shear-carrying material, or webs.) 
This ia usually an unacceptable structural con- 
dition unless the application is such that the 
flutes can be aligr 1 and unloaded over a short 
span, A common solution to this problem is to 
employ a double sandwich, with the flutes orien- 


ted at right angles, or to use a honeycomb core 
in the innermost sandwich. The structural effi- 
ciency of this tvoe of construction is less than 
that of a single sandwich of honeycomb core. 


6-20. Wall Construction — Waffle Core 


Waffle core has the unique property of having 
no shear continuity in any direction. For this 
reason it has found little use in structures re- 
quiring high strength. The spacing of the waffle 
posts must inherently create the same effect as 
core gaps in honeycomb core, and due to the 
regularity of design, these core spaces will be 
continuous in two directions, One of the advan- 
tages of waffle core stems from the fact that it 
does lack shear continuity in two directions, 
Because of its flexibility, waffle core may be 
formed into compound curvatures without 
bridging. The term "bridging" is used to denote 
the anticlastic bending demonstrated by most 
materials, Anticlastic bending is literally 
secondary curvature of a bar at right angles to 
the direction of primary bending. This point 
can best be appreciated by the demonstration of 
bending a rubber eraser. 


SECTION C. STRESS METHODS 


6-21. Introduction 


Stress methods for plates, spheres, and cylin- 
ders of isotropic materials are well known and 
can be used with some confidence. These 
methods are applicable to metal, which is an 
isotropic material, but are not completely suit- 
able for the analysis of similar shapes of rein- 
forced plastic, which is generally an orthotropic 
material, If the radome wall is of reinforced 
plastic sandwich construction, the process of 
stress analysis becomes even more complex. 
Sandwich structures are still a relatively new 
method of construction, and as such, have not 
received the degree ojg study and research 
expended on solid-wall configurations. 


Admittedly there are littel data and few proved 
equations applicable to the stress analysis of 
reinforced plastic structures, particularly 
sandwich structures; however, it is believed that 
a careful stress analysis, using the best tools 
available, can produce a structurally acceptable 


design. With this philosophy, the following 


methods are presented. 
6-22. Area Theory of Stress Analysis 


The simplest approach to the problem of 
streas analysis of a radome structure is to 


treat the radome as a series of disconnected 
strips or rings. These rings or strips then 
lend them selves to conventional methods of anal 
yais. Although this method is easy and conven- 
jent, the results are frequently grossly inaccu- 
rate, The "strip" method ignores the support 
of adjacent ringa or strips, which indeed is to 
ignore the shape of the radome, the principal 
factor in its ability to carry load. 


A more logical approach to the problem 1a to 
recognize that most radome shapes consist of 
areas composed of spheres, cylinders, cones, 
or even flat areas. If the radome is viewed in 
terms of its various areas,.and in conjunction, 
with the loading system it must carry, its modes 
of failure may be visualized in terms of the 
failure of whole areas, rather than individual 
strips, It has been found that this basic 
approach to the problem of radome stress anal- 
ysis is very helpful, and that the results 
obtained are much closer to test results than 
what could be obtained by the strip method. 


Structures generally considered capable of 
stress analysis by existing methods are cylin- 
ders, spheres, and flat plates. Since itis un- 
likely the radome shape will conform directly 
to any of these shapes,a certain amount of sim- 
plification will have to be performed. This will 





consist, for example, of substituting an equiv- 
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ing an equivalent cylinder for a conical area. 
It is in this matter that the stress analyst must 
apply his common sone and judgement to the 
problem. 


In the process of simplification, the loads 
must also be considered, It will be the rare 
case ifacritical area be chosen and the load on 
the area is not a complex system. In this case 
also, the stress analyat will need to make sim- 
plifying assumptions to apply some of the known 
methods of analysis. 


The thoughtful study and analysis of most 
radome shapes can result in a general under- 
standing of how the radome supports its loads, 
how the initial failure will take place, and how 
the critical area can be simulated by a struc- 
ture capable of stress analysis. It is admitted 
that this ¢pproach is highly unscientific, but 
until accurate methods of stress analysis are 
developed and experimental data for verification 
obtained, no better method canbe recommended. 


6-23. Instability Buckling of Spherical Areas 
Lateral p 


Under ressure 
Solid’ Wall. A spherical area of a radome, 
loaded by uniform external pressure, may be 


examined for ipstability buckling by the follow- 
ing expression 


: 2 
r2/ 3(1-»2) 


(6-12) 
where p = pressure, pounds per square inch 


E = Young’s Modulus, pounds per 
square inch 


r = radius of the sphere, inches 
uw > Poisson’s ratio 


thickness, inches. 


~- 
# 


This equation is for an isotropic material, and 
to this extent the equation is unconservative. 
It must also be considered unconservative for 
other reasons. ae aonat work on this subject 
by Von Karman and Taien* provides the follow- 
ing relation: 


. t 


(6-13) 


where °oR = critical buckling stress 


Young’s Modulus 


~ 
i 


thickness, inches 


r = radius, inches 


Equation (6-12) by Timoshenko may be com- 
pared to the above equation by writing them in 
the same terms, In this form Equation (6-13) 
is 


Sor * 0.608 $ (6-14) 


Because of manufacturing tolerances and other 
effects that can have a powerful influence on the 
critical load, the following equation is suggested 
for use: 


Con = 0.10 Et (3-15) 


Sandwich Wall. The basic equations presented 
for the solid-wall sphere may be applied to the 
sandwich wall by the use of an equivalent thick- 
ness. The equivalent thickness of a solid wail to 
a sandwich wall may be found from the fallow- 
ing relation: 


te = (6tna 2/3 (6-16) 


where t, solid wall thickness, equivalent 
sandwich face thickness, inches 


sandwich shear thickness, inches 
(See Figure 6-17.) 
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Figure 4~17. Filet Sandwich Perameters 
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The direct substitution wil] be unconservative 
because of the neglect of the reduced shear 
modulus of the core material. The following 
equation. (paragraph 2. 1Kaf Reference §), offars 
the following method of correction. 








Por = (6-17) 


where Por 


corrected buckling pressure, 
pounds per square inch 


Por = calculated buckling pressure, 
pounds per square inch 


U=Gh 


Gc = shear modulus, core material 


If the core material is orthotropic, the value 
of Ge used should be the average of the shear 
modulus in the two directions. 


6-24, Instabilit Buckling of Cylindrical Areas 
Carryin, Axial Load 


Solid Wall. Considerable work has been done 
on this problem, and the equations presented 
below may be considered quite reliable if ap- 
plicable. Note, however, that the equations are 
for complete, long cylinders under axial load 
and not for incomplete areae with unknown de- 
grees of edge fixity. It is suggested, therefore, 
that this material be used with due caution and 
a coneiderable measure of conservatism. Ref- 
erence 6 presents the following equation, which 
again was taken from other sources as noted in 
that reference. 


Et 

[oR = EO (6 -18) 
. ‘3 leu" r 

where op = critical buckling stress 


E = Young’s Modulus, pounds per 
square inch 


t = thickness, inches 
r = radius, inches 


# = Poisson’s ratio 


Using Poigson’s ratio as equal to 0.8, this 
equation becomes: 


“ t 6-19 
Con 7 0606 EF (6-19) 


A very different equation is presented by 
Kempner in Reference 7, as follows: 


S t 
Tor = 0.182 E> (6-20) 


Because of manufacturing errors and slight 
inconsistencies in shape and material, the fol- 
lowing equation is recommended for use: 


: t 
"oR = pees = (6-21) 


Sandwich Wall, Considerable work has been 
done on sandwich curved panels carrying axial 
load by the United States Forest Products Lab- 
oratory. Using this material, Mr. we. 
Zophres has developed the following equation 
(See Figure 6-18,) 


0.4N Ef (c + 2t) 


o = 6-22 
CR r Vv1- pe 


where N = 1 - 0.28 8S 


when 8< 0,513 (sandwich 
strong in ehear) 
N= 0.436 


—— 


8 


when S 2 0.613 (eandwich 
weak in shear) 


and og = EE 
3(c + 2t) rG, (1 - 42) 


Ey = modulus of elasticity of the face 
material, 


Note again that the shear modulus, G,, is for 
an isotropic core material. If an orthotropic 
core material is being used, the value of Ge 
should be taken as the average of the values in 
the two directions, or the minimum of the two, 


When this equation is carried to the limit of a 
solid thin-wall cylinder, it becomes, using 
Polason’s ratio as 0.8, 








Figure 6-18. Cylindrice! Sendwich Peremeters 


Cop = 0.242 E (6-23) 


Note that this coefficient is approximately 
twice as large as that recommended for solid- 


edygeplinders. This does not necessarily de- 


note’ that the value is unconservative. The basic 
stiffness of the sandwich wall in comparison to 
manufacturing tolerances is probably higher than 
could be expected of a thin-wall cylinder, 


6-25. Instability Buckling of Cylindrical Areas 
Carrying Shear Loada 


Solid Wall. For salid-wall radomes the value 
of the critical shear stress may be determined 
by the use of Reference 10. This method is 
again based on thin-wall isotropic materials, 
The equations presented are in the following 
form. (See Figures 6-19 to 6-22,) 














i 70 (8-24) 
CR Ky bet 
3 
where D= _&t 
12 (1 - 12) 


t = thickness of panel 


The value of Kg may be found from the tables 
of curves presentedby Reference 10 for various 
ratios of axial length to curved length and for 
various conditions of edge support. (See Figures 
6-19, 6-20, 6-21, and 6-22,) 
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Figure 6-19. Critical Shear S::27 Coefficients tur Simply=Supported Curved Panels Having Circumferential Length 
Greeter then Axiel Length 
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Figure 6-20, Critical Shear Streas Coefficients for Simply-Supported Curved Panels Having Axial 
Length Greater Than Circumferential Length 
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Figure 6=21, Esrimoted Theoretical Critical Sheer Coefficients for Curved Ponels with Clamped Edges ond Having 
Circumferential Langth Greater Thon Axial Length 
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Figure 6=22, Eatimated Theoretical Shear Strese Coefficients for Curved Panels with Clamped Edges and Having 
Axial Length Greater thon Circumferential Length 


Sandwich Wall, Considerable work, has been 
accomplished by the UnitedStates Forest Prod- 
ucts Laboratory on the subject of curved panels 
carrying shear. load,!! Note that these values 
are for isotropic sandwich cylinders in torsion. 
It is not known how to modify the equations 
presented to account for orthotropic materials, 
or how to interpret properly the effect of trans~ 
verse shear as compared to torsional shear. It 
is believed, however, that these differences will 
be small compared to the overall inaccuracies 
that may exist in the radome stress analysis. 


The data presented in Reference 11 has been 
yevised by W. C. Zophres,” and may be pre- 
sented ‘in the form: 

(c + 2t) 


ToR Kt Ef (6-25) 


The value of Ky maybe taken from the curvas, 
Figures 6-23, 6-24, and 6-25, In these curves, 


f1, 19 = the thicknesses of the two faces 
of the sandwich (inches) 
J = b@/hr 


#' = shear modulus of rigidity of the 
core = Go and 


uN 


s- _ fa By 
2) 


(6-26) 


(fy + fg) hry’ (1 - uy 
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where 
b = length of cylinder (inches) 
h = total thickness of sandwich (inches) 


= ¢+f14+!9 
c = core thickness (inches) 
r = mean radius of cylindrical shell (inches) 
E¢ modulus of rigidity of face material (psi) 
“{ = Poisson's ratio for face material, 


6-26, Instability Buckling of a Cylindrical Area 
with External Pressure 


Solid Walt, The critical external pressure 
that will produce buckling in a thin cylinder is 
given by Timoshenko? as: 


3EI 
£3 (1=ye) 


where I is the moment of inertia of the wall per 
inch of length of the cylinder. 


This equation is derived for an isotropic ma- 
terial, and a comparison of the theoretical 
equation to test data usually indicates a large 
degree of unconservatism may exist in the cal- 
culation, 


Sandwich Wall, The United States Forest 
Products Laboratory has investigated the con~ 
dition of instability buckling of sandwich cylin- 
ders under external pressure. This data is 


PoR = (6-27) 
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Figure 6-23, Buckling Coeftic eae Cylinders of Iso c Sandwich Construction 
in we Th 0. 70) 


306 














| 4 bea He tll Wy h 
| a iAH uit 7 CEG nll 


Raha 
tT 









K 


Hl 
oe 
l: ae ci 
Fe ant | 
Ta priate F } 
et i , 
RU ah 
Bee crehean | 
a es : 
Seen 7 







a Fo 


ce Be 









easesnece. 
eveere 











ry 
PSI ot ereerhieeeteet reper teri tires ey 


a vil ait 


Figure 6-24. Buckling Co eis ae Cylinders of Iso ¢ Sendwich Construction 
te She 1.00) 


307 








cp! 


K,: -—~-—- 
(1,4 tod Ey 





8 





10 12 16 18 20 


Figure 6=25. Buckling Coefficients of Infinitely Long Cylinders of Isotropic Construction In Torsion (¢/h = 1,00) 


presented in Reference 12, and has been re- 
arranged by W.C. Zophres® in the following 
form for infinitely long cylinders: . 


SE, tie + t)? 


PCR 7 273 (1- uf) as 


b.\ 3 
( +7 ) 
2 2E,t .(c +t 
uf +2) [x 
at Greg ab (1 io HE 
G.= shear modulus in ré plane, 
pounds per square inch 


wh 
ere es 


r = average radius, inches 
= radius of outside face, inches 
= radius of inside face, inches 


4+ = Poisson's ratio for the face 
material. 


Ail other symbols are as previously defined. 
(See Figure 6-18.) 


If G becomes infinity, and b/a equals 1, this 
expression becomes: 


3Er tlc + t)2 


(6-29) 

2r3 (1 ~ 12) 

If the value of I for a sandwich be substituted 

in this equation, the expression becomes that 
of Timoshenko for a solid wall. 


th Healt (6-30) 


The preceding expressionsarefor an infinitely 
long cylinder. Forest Products Laboratory Re- 
port 1844-B12 investigates the case af cylinders 
of finite length. The stability criterion, how- 
ever, is minimized only forcertain values of the 
elastic constants and parameters af the cylin- 
der, Estimates of the effect of length may be 
obtained from Figures 6 to 8 of that report. 


6-27. Instability Buckling of Flat Areas Under 
Edge Compression 


Solid Wall, The instability buckling of solid- 
wall flat rectangular punels has been the subject 
of much investigation. Data contained in Refer- 
ences 3 and 6 is suggested. 


Sandwich Wall. Data for the investigation of 
flat rectangular sandwich panelais givenin Ref- 
erence 5 for both isotropic and orthotropic 





construction, and for various conditions of edge 
support. 


6-28, Instability Buckling of Flat Areas in Shear 


Solid Wall. Data on instability buckling of flat 
areas in shear may be found in References 3, 
6, and 13, 

Sandwich Wall. Data for the investigation of 
the buckling of flat rectangular sandwich areas 
in shear may be found in Reference 5 for both 
orthotropic and isotropic construction, 


6-29, Flat Areas Under Lateral Pressure. 


Data for the deflection produced by lateral 
pressure on plates may be found in References 
3and6. Data for sandwiches may be found in 
Reference 5, The deflections produced may be 
considered to be critical when existing in con- 
junction with compressive load in the faces. 
paved of analysis for these conditions are not 

nown, 


Reference 14 presents data obtained on sand- 
wich panels with simply supported loaded edges 
and free unloaded edges, loaded in compression 
with lateral pressure. 


6-30, Stress Created by Thermal Shock 


If a plate is submerged in a hot medium, the 
surfaces will begin an immediate expansion. 
Because a finite time is required for the inner 
material to become heated, the outer layers are 
restrained by the cooler, unexpanded, inner 
layers, A stress equilibrium is thus created in 
which the outer layers are in compression and 
the inner layers are in tension, 


If the thermal conductivity of the material is 
low, the temperature of the surface will reach 
a given temperature more quickly than if the 
thermal conductivity is high, High conductivity 
would allow rapid flow of heat away from the 
surface layers and into the inner layers, In 
the case of low conductivity, the maximum sur- 
face stresses will be reached within a very 
Short time after immersion, and then gradually 
reduce as the interior of the part becomes 
warm, The tensile stresses, conversely, initi- 
ally will be low due to the large amount of ma- 
terial in the center remaining cool. As the heat 
is conducted inward, the percentage of cool ma- 
terial decreases with respect to the hot material 
and the tensile stresses continue to grow 
greater. 


if the thermal conductivity of the material is 
high, the surface compressive stress will not 
reach the maximum that would be obtained for 
a material of lower conductivity, In this case, 
however, the rate of heating of the crass section 
will be much more rapid, bringing to tempera- 
ture a much larger mass of material near the 


surface while the interior is still relatively 
cool, Because of the greater amount of material 
Cxpanding at the surface, the tensile forces re- 
straining the expansion must be much larger and 
exist in a smaller amount of material, That is, 
the tensile stress will be high. It can also be 
seen that the maximum value of tensile stress 
will not be reached as rapidly as will the maxi- 
mum compressive stresses created on the sur- 
face, 


Some of the factors that affect the amount of 
thermal stress developed as a result of thermal 
shock are: thermal conductivity, time, thick- 
ness of the plate, and the coefficient of heat 
transfer, which governs the amount of heat flow 
from the medium into the plate, Other factors 
are the temperature differential, the density of 
the material, and the specific heat, the latter 
being the two factors that determine the temper- 
ature change produced by a given quantity of 
heat. It is also evident that the coefficient of 
thermal expansion and Young’s Modulus also 
influence the amount of stress created. 


Reference 1 presents nondimensional coeffi- 
cients and curves by which the stresses at the 
surface and center of plates with equal thermal 
conditions on each side may be determined, 
These nondimensional coefficients are as fol- 
lows: 





6 «—kt (6-31) 
pate 
ah 
= ah -32 
B x (6-32) 


where k = thermal conductivity, Btu per 
square foot-second~°F per foot 


t = time of exposure, seconds 
Pe = density of material, pounds per 
cubie foot 


a = half thickness, feet 
c = specific heat, Btu per pound, OF 
h 


= heat transfer coefficient, Btu per 
square foot-second-°F per foot 


Note that @ is a nondimensional time para- 
meter, while @ is a nondimensional heat trans- 
fer parameter. 


By the use of the curves of Figure 6-26 the 
maximum surface stress may be calculated 
from the conditions of time, plate thickness, 
and the physical characteristics of the ma- 
terial. Figure 6-26 shows that as 4 increases, 
the maximum surface stress results, and that 
for a given 4, the stress is influenced by @. 
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Figure 6-26, Nondimensional Stress Versus 


Figure 6-27 may be usedto determine the max- 
imum surface stress regardless of time. The 
maximum stress at the center of a plate may 
be calculated by use of the curves of Figure 
6-28 for conditions of time, plate thickness, and 
characteristics of the material. 


It is recognized that the cage of a flat plate 
with equal thermal conditions on each side is 
not directly applicable to the cage ofa radome 
wall where a high temperature condition may 
exist on one side only. However, it is felt this 
data may be useful in that certain modificationa 
and assumptions may enable analytical approx- 
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imations. In the cage just cited, no warpage or 
buckling will take place in the plate because of 
symmetry about a median plane. Under the con- 
dition of a temperature differential on the two 
faces, a constant temperature distribution will 
establish itself after a certain length of time. 
Under this condition, the plate will assume a 
buckled condition, but if unrestrained, there 
will be no stress in the plate. The act af buck- 
ling relieves the strains created by the thermal 
gradient. It can be seen, therefore, that the 
stresses induced by the steady-state thermal 
gradient are due only to the restraint imposed. 
It is logical to assume, therefore, that if the 
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Figure 6-27. Nondimensional Maximum Surface Stress Versus Neondimensional Heat Transfer 








plate were perfectly restrained the stresses This equation is for a flat plate. Other cases 
would be equivalent to that of a plate of twice of discs, spheres, and rods are discussed. Un- 
the thickness whose center plane temperature fortunately, however, none of these is directly 
was that one of the faces, applicable to radome shapes. The inter-rela- 
tionship of shape, restraint, and nonisotropic 
= ntinaenecke” tents whe enee OCA Oat ae materials has not, to the writer’s knowledge, 
a nonlinear temperature distribution, and 
presents the following general solution: been solved. It may be reasoned, however, that 
; if the radome shape is such as to cause con- 
aTE t +a siderabie resistance to warping and buckling, 
os - jf oTE dy the data presented fot flat plates may be of | 
(l-u) 2 (1-y) “ea ‘ gome use in predicting stress levels, ‘ 


(6-33) 
Timoshenko also considers the case of the 
hollow sphere, which may be useful for certain 
types of hemispherical radomes. This data is d 
presented as follows: 


+ —— pt 
2a (1 -p) fl, « TEydy 


where o = stress, pounds per square inch 
a = coefficient of thermal expansion, 


dimensionless E ro. ad 
) 


(b3 - a) 73 


= temperature rise at element, °F : ee 
= Young’s Modulus, pounds per 
square inch 

= Poisson's ratio, dimensionless 

a= half thickness, inches b 1 b 
dy = element of thickness, inches [rs dpic | T r2 | 

y= distance from center toelement, ; 
inches a a 





po 


(6-34) 
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Figure 6-28, Strena At Center of Plate 











2a E 2re4a9 
or = 


(Pav2 dr 
(l-s) [2 3,4 


(b® - a 
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rr" “a 
(6-35) 


where °R = stress in radial direction, 


pounds per square inch 


om = stress in tangential direction, 
pounds per square inch 


a, T,E, andy, are as previously 
defined 


= 
s 
a 
- 
il 


distance from the center, inches 


outer radius of sphere, inches 


or 
ul 


inner radius of sphere, incheg 


If the ttme is such that 4 steady flow rate will 
be established, the following equation may be 
used to calculate the stress: 











aE Ty ab 1 
cf — a+b -— 
1-y) b? «a3 
(1 4) a F (6-38) 
2 
(b? 4 ab +b’) + ao pt 
re 
ob T, ab 1 
= arb-— 
"TT (-n) behead 27 
; : a? 2 (6-37) 
Ab +ab+b")-5 ra 


In thia case T, 1a taken ag the temperature of 
the inner surface, while the temperature of the 
outer surface ig assumed to be zero, 


Because of the many variables that affect 
thermal stresses, it is recommended that the 
reader study the text of Reference 1 for an ex- 
cellent discussion of the procesa of heat trans- 
fer and the creation of thermal stress. 


6-31. Thermal Stress 


If dissimilar materials having different coeffi- 
cients of thermal expansion are combined in a 
structure in such a way that they must expand 


or contract together, then changes in temper- 
ature will create stress in tio members, The 
factors that affect the stress developed are the 
relative coefficients of thermal expansion, the 
change of temperature, Young’s Modulus, and 
the relative areas of the two materials effective 
in mutual restraint. The stresses resulting 
from’ such a combination can be calculated by 
simple considerations of the following equations 
for elongation due tu temperature and to stress, 


PL 
8g = (6-38) 
SAE 
3 = LAT (6-39) 


where &, = elongationdue to stress, inches 


by = elongation due to temperature 
change, inches 


= load, pounds 
= Jength, inches 


- area, square inches 


Bp > rr tw 
‘ 


= Young’s Modulus, pounds per 
aquare inch 


a = coefficient of thermal expan- 
sion, dimensionless 


AT = change in temperature, oF 


If the nature of the installation is such that 
the member is completely constrained and if it 
is subjected to a change in temperature, the 
streas created will be as follows: 


o = EasT (8-40) 


where symbols are as previously noted. 


If the member is rigidly attached to the other 
structure, so that they must expand or contract 
together, the stress created will be: 





o= BEA T (a1 -aQ) (6-41) 


Thin annatinn ta hased on the aganmnftion that 
the two structures undergo the same change in 
temperature and that the area of the main struc- 
ture is very large in comparison to that of the 
member under consideration. 


If twostructures of different materials, having 
different coefficiunts of thermal expansion, 
different values of Young's Modulus, and some- 
what equivalent areas are attached so they must 
expand and contract together, and are subjected 
to a temperature change from that at which they 
were originally installed, the following mutual 
load would be ci eated in the two members: 


(Ay Ey Ag Eg) 
P = (a,-ag)AT ——————_ (6-42) 
(Ay Ey + AQ Ep) 


where symbols are as previously noted. 


The stress created may be calculated by the 
familiar relation of P/A. 


The term ‘‘impact’’ implies a striking or col- 
liding force. This is necessarily a short-time 
loading condition and is usually assoctated with 
a small area of loading. Damage resulting from 
this condition therefore usually does not result 
in total failure, but local or superficial damage 
only. The exception to this may be the case of 
impact with a large or heavy object. The type 
of failure resulting from the impact of small 
objects will be by bearing or crushing of solid- 
wall radomes, or puncturing or separation of 
the sking if a sandwich wall is used. Crushing 
of a core of sandwich walls is also commonly 
found. 


Impact is an energy phenomenon in which the 
force developed by the impact is related to the 
rigidity of the bodies, the masses, and the 
squares of the velocities of the two bodies be- 
fore and after impact. If a small object at 
high speed is brought completely to rest, a 
considerable amount of energy may be released 
ina very local area. If the object is large, and 
at high velocity, a proportionate amount af 
energy will be released, but over a larger area. 
The first case will result in local failure, but 
the latter may result in complete disintegration 
of the structure. 
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Methoda of analysis of impact loads on even 
the most simple structures are extremely com- 
plex. Therefore there is little point in attempting 
dome shapes and radome materials. For rough 
estimates and general conclusions of the effect of 
various impact loads, simple calculations may he 
made using the basic equations of energy and 
forces involved in the accelerations of bodies. 
These equations are as follows: 


Ex ® : mv? (6-43) 


F = ma (6-44) 


where E, = kinetic energy, foot pounds 
m = mass, slugs 
v = velocity, feet per second 
F = force, pounds 


a = acceleration, feet per second 
per second 


To make use of these equations, it is nec- 
essary to know or assume the mass of the 
Striking object, the impingement angle, the 
change of velocity of the striking object, and 
the area over which the load will be spread. It 
will also be necessary to estimate or calculate 
the distance in which the change of velocity is 
broughtabout. This will be the total of the defles- 
tions of the two bodies asthe impact load builds 
up to its maximum, 


It is apparent that an analysis of this nature 
can only produce answers of a very general na- 
ture. It is recommended that experimental stud- 
ies be made if more exact data is needed. It is 
known that Lockheed Aircraft Corporation has 
performeda number of experiments in which both 
actual birds and simulated hailstones have been 
hurled at panels representing radome wall con- 
figurations. 


Some resistance to impact may be obtained 
from the design of the radome. In impact re- 
sistance, solid- wall radomes are much superior 
to sendwich-wall radomes with their thin sking, 
relatively weak core materials, and the tenden- 
cy for separation between the faces and the 
core. Even the’ sandwich-wall radomes can be 


improved, however, by the use of flexible resins 
and the heaviest possible faces andcore materi- 
als. This unfortunately may compromise elec- 
trical performance. 


6-33, Fatigue 


Requirements for withstanding fatigue are un- 
usual for radomes, since fatigue failures are 
associated with a large number of loading 
cycles, The exception will be the radome that 
is subjected to a vibratory loading condition 
from some external source, 


Since many radomes are used for gun laying, 
one of the most usual sources of vibration will 
be from gun fire, the loads being the result of 
muzzle blast, or from the vibration and shock 
of the structure to which the guns and radome 
are mounted, Other sources of vibration may 
be created by propellers particularly if the 
radome is in or near the propeller plane, from 
the sonic blast of jet engines or rocket assist 
units, from aerodynamic shock waves, or from 
eddy currents intheair, It may also be possible 
that other mechanisms in or near the radome 
may be the source of vibrations, 


The fatigue life of a radome will depend on 
the nature of the load, the number of cycles, 
the mean stress level of the radome in con- 
junction with the stress due to the vibrating 
load, and the nature of the radome wall con- 
figuration and material, Although there are no 
stress methods available for a rigorous anal- 
ysis of the problem of predicting the radome 
fatigue life, the following discussion of the 
various factora mentioned above may be of 
some help, 


Vibratory loading may be applied directly to 
the radome wall in the form of pressure waves, 
or it may be applied to the radome through the 
structure to which it is attached. In the first 
case the loading will probably be carried by 
the radome as a normal load, in much the same 
‘Ashion as a pressure loading, If the vibratory 
‘oading is applied to the radome through the 
structure, the loading will depend on the nature 
of the vibrations in the structure itself, The 
airframe may be vibrating in the plane of the 
radome attachment, normal to it, or 3 combina- 
tion of both. 


The effects of shock waves, eddy currents, and 
propeller tip vibrations are usually unknown 
quantities, since every aircraft and installation 
presents new and different problems, A con- 
siderable amount of data on gun blast is avail- 
able which will gilow an estimate of the pres- 
sures involved, ! 
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One of the most serious loading conditions that 
can be imposed on a radome is to expose it to 
sonic blast of a large jet engine. Because of the 
weak and brittle bonds usually associated with 
radome construction, and the constantly in- 
creasing power of engines, accompanied by very 
high noise levels, radomes are becoming in- 
creasingly criticaltromthe standpoint of resis- 
tance to sonic vibrations, 


In the case of both gun blast and sonic vibra- 
tion, the magnitude of the condition can be de- 
termined with a fair degree of accuracy. It is 
suggested that, if the radome appears to be in 
the critical range, laboratory tests be conducted 
to simulate the radome and the loading, and thus 
determine the fatigue life. 


The number of cycles of vibration to which the 
radome will be subjected may usually be deter- 
mined from the type of the source, For 
example, if the vibration under consideration is 
produced by propellor tip effect, the number of 
blades, the average revolutions per minute of 
the propellers, and the service life desired of 


the airplane or radome will approximately de-, | 


termine the number of loads to which the part 
will be subjected, 


Likewise, if the loading source is muzzle blast, 
the expected number of rounds to be fired can 
be estimated with a fair degree of accuracy. 


The number of cycles of load is not as impor-~ 
tant a consideration as is the degree of stress, 
Data on materiats show S-N (stress to number 
of cycles to failure) curves plotted on logarith- 
mic scales, indicating that a small reduction in 
stress level will allow a marked Increase in the 
number of cycles that can be resisted, Con- 
versely, a small increase in the vibratory 
stress, or an increase in the mean stress level 
of the radome, while it is being subjected to the 
vibratory load, may greatly reduce the resis- 
tance to fatigue, 


The material and construction of the radome 
are obviously important in considering the 
effect of fatigue. A solid-wall radome has the 
usual advantage of greater shear and bending 
stiffness for the same thickness, but far more 
important, itdoes not utilize the very weak core 
material and face bond which are inherent in 
sandwich walls, Hence, solid-wall construction 
should in general be more resistant to fatigue. 


Although it is not possible to present a great 
amount of data on the fatigue strength of vari- 
ous radome materials, data presented in Refer- 
ence 16 may be of interest and help, Forest 
Products Laboratory Report 1823-A shows that 


ee 
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a typical glass-reinforced polyester laminate 
will endure a 9,000 pounds per square inch al- 
ternating stress for 10 million cycles; Report 
1559-C shows that a glass fiber reinforced 
honeycomb material exhibits a strength of 42 
percent of static strength at 30,000 cycles; and 
Report 1569-J shows a fatigue strength of 30 
Porcont Of static ai SO Hildlion cycies for wikyd- 


isocyanate foam. 
6-34. Strass Rupture 


Stress rupture is a failure associated with a 
long sustained tensile load. Loads of this nature 
are usually the result of a direct air loading, or 
from body, wing, or empennage bending. The 
most likely case is that of a part subjected to a 
fairly high degree of stress from a direct air 
load. Another case might be that of a wing 
outer panel insulator section. In this case the 
stress level could again be fairly high for rein- 
forced plastic material, 


Reference 17 shows that a stress rupture fail- 
ure may occur at 60 percent af static strength 
if the load is maintained for a total of 300 hours. 
Projecting this data to the expected life of the 
airframe and considering the effect of exposure, 
weathering, and elevated temperatures, which 
materially affect the creep strength of plastic 
materials, it is seenthat some danger can exist 
from stress rupture, Particular attention 
should be accorded an application where the 
radome is to be subjected to a relatively high 
level of stress over a jong length of time, or at 
intervals of sufficient frequency that a consider- 
able amount of time can be accumulated. 


Little is known of the effect of stress rupture 
on sandwich materiale. In general, it can be 
concluded that if the loading is resisted prin- 
cipally by the faces, the values for laminates 
would apply. If the core material is loaded in 
shear or flatwise tension, it is felt there is con- 
siderable cause for concern, even though the 
sustained stress level be fairly low. In this 
case it will be the plastic bond itself that will 


be loaded, and some concern would be felt for 
the values of reduced allowable stress over that 
of the reinforced material. In these cases, 
tests should be conducted of the exact materials 
and construction to determine allowable 
stresses and any adverse factors that may exist. 


0-30. Creep 


The tendency of plastic materials to continue 
to deflect under a long-sustained load is well 
known. Paragraph 6-34, Stress Rupture, dis- 
cussed the effect of long sustained tensile 
loads. The same effect is noticed lf the mate- 
rial is loaded either in compression or shear. 


The rate of creep of metals is very low, or 
negligible, except at elevated temperatures, 
where it may become a serious problem. Most 
of the plastic materials, however, demonstrate 
definite creep even at room temperatures. This 
characteristic may be expected to be much more 
severe at moderately high temperatures. There 
is little data available for design purposes for 
reinforced plastic materials, particularly for 
sandwich construction, 


As in the case of stress rupture, attention 
should be givento applications where the stress 
levelcan be expected to be maintained ut a fair- 
ly high level, and where high or moderately high 
temperatures can be expected to act in con- 
junction with the stress, 


Most radomes are critical for instability type 
failures in which the stresses are relatively 
low. If the radome is resistant to buckling, then 
it may be operating at a relatively high stress 
level. A combination of this high stress and an 
elevated temperature will probably constitute 
the most likely cage of instability failure due to 
creep buckling. Since these criteria apply most 
often to sandwich-wall radomes, it is suggested 
that particular attention be paid to this config- 
uration, and that special consideration be de- 
voted to sandwich walls where the core material 
may be highly loaded in shear. 


SECTION D. ENVIRONMENTAL DESIGN CRITERIA 


6-36, Icing Control — General 


The formation of ice on the aircraft structure 
has long been a serious problem to the aircraft 
engineer. The spoiling of a carefully designed 
flight surface by an accumulation of ice results 
in a loss of lift, loss of control, or both. In 
addition, the weight resulting from the load of 
ice contributes to the difficulty of maintaining 
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flight and control and creates further damage by 
forming on and breaking antennas. 


Icing is caused by the entry of a cold aircraft 
into an area where moisture exists in the form 
of water droplets at above-freezing tempera- 
tures, or by the aircraft entering an area where 
the dropleta are existing in the supercooled 
state. The obvious answer to the icing problem 


ee 


is to avoid areas where icing may take place, 
but operational requirerments sometimes nre- 
clude this possibility, even though means have 
been found to accurately locate and avoid these 
areas, 


Since the advent of radar, another icing prob- 
lem has been created, The formation of ice on 
radomes proscribes full efficiency and perfor- 
mance of the equipment, from both the stand- 
point of transmission and veam shift. The re- 
quirement for ice-free radomes creates the 
need to either prevent ice from forming, or to 
be able to remove it quickly once it has formed, 


The search for methods of anti-icing has led 
to numerous proposals, and several solutions, 
none of which is completely satisfactory. None 
have gained universal acceptance, 


Ice control may be divided into two classes or 
types, anti-icing and de-icing. Anti-icing meth- 
cds attempt tovyrevent the formation of ice. De- 
icing techniques remove the ice.once it is 
formed, It is apparent that all things being 
equal, the anti-icing method will be preferable 
from the standpoint of radar performance, 


Of the many approaches to the problem of ice 
cuntrol on radomes, only four methods are con- 
sidered here, Of thesc four, only three are 
known to have been successfully used.on air- 
craft installations, 


6-37, Teing Control — Rubber Boot 


The use of rubber boots on the leading edges 
of wing and empennage surfaces is a tried and 
proved method of ice removal, It is not unex-~- 
pected, therefore, to find this method in use on 
radomes for the same purpose. 


The late acceptance of the expanding rubber 
boot was probably due to the fact that early 
radomes were almost Invariably fabricated of 
sandwich construction. It was felt that the 
losses: created by the electrical unbalance of 
the thick layer of rubber would be unacceptable, 
even in its retracted state, to say nothing of the 
complications imposed while the segments were 
in the act of expanding and contracting; also 
earlier boot materials were excessively lossy, 


Advanced methods of electrical design have 
made the boot more compatible with the radome 
wall design, In addition, the electrical require- 
ments of new designs are causing more and 
more radomes of solid wall construction to be 
produced, The solid-wall (half-wave) radome 
is much more compatible to the use of a boot 
than is the sandwich wall, For these reasons 


the boot can be expected to grow in favor, par- 
ticulaiiy fur solid-wall radomes, 


Some of the advantages and disadvantages of 
rubber buut installations for de-icing are listed 
and discussed below: 


Advantages, 


a, The expandible rubber boot is a praved and 
effective way‘of removing ice from the surface 
of the radome, 


b, The boot serves as an excellent cover for 
protecting the radome from damage by flying 
rocks or other debris, and from handling. Un- 
fortunately, however, the boot is ineffective in 
preventing damage from hail. 


c. Since most aircraft are equipped with both 
a pressure and a vacuum system, and since 
flow rates are relatively low in operation, the 
cost in both dollars and weight is likely to be 
less for a boot installation than for any other 
type. 


d. The boot serves as an excellent surface to 
prevent rain erosion. Since most radome in- 
stallations require the use of arain-erosion-re- 
sistant surface, the boot eliminates the necessity 
for the special coating. Since the boot is much 
thicker and more durable, frequent replacement 
of the rdin-erosion material is avoided, 


a. The boot has a deleterious effect on radar 
performance regardless of efforts to minimize 
its presence, The effect while in operation is 
practically impossible to predict. 


b, The boot can be used only for de-icing; 
that is, it must allow a certain amount of ice to 
accumulate before removalcan take place. The 
ice layer, even though it is thin, may be ex- 
pected to have an adverse effect. 


6-38. Icing Control — Anti-Icing Fluid 

Anti-icing fluid has been used for a number of 
years for anti-icing measures on propellers and 
windshields, Note that in both cases the forma- 
tion of ice to any appreciable extent cannot be 
tolerated. 


As in the case of the rubber boot, this method 
of ice control was ignored for a considerable 
period of time in the search for methods of anti- 
icing radomes. 
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Advantages. 


a. Because most aircraft are equipped with 
an anti-icing system, the added weight and com- 
plexity of the system itself is not great. 


b. This system of preventing ice formation 
has been demonstrated to be effective through 
many years of service, 


Disadvantages, 


a, Adverse electrical effects are produced by 
the nozzles and fluid lines conducting the fluid 
to the nose of the radome, and possibly by the 
fluid itself, 


b. The system can only be used to anti-ice as 
long as anti-icing fluid is available, When the 
fluid is used up, the system is inoperative, 


c. It sufficient fluid is carried aboard for the 
worst conditions that may ever be encountered, 
the weight of the fluid may become an adverse 
factor, 


d. Some doubt may exist as to the distribution 
of the fluid at various speeds and angles of 
attack of the aircraft. This may entail a con- 
siderable amount of wind tunnelor flight testing 
to insure proper operation of the system, 


e, There is also some possibility that the 
nozzle may become iced over prior to ita being 
actuated, thereby preventing fluid-spray action 
in flight, 


6~39. Icing Control — Hot-Air System 


The hot-air system for anti-icing the leading 
edges of wing and empennage surfaces has grad- 


- ually been adopted by the majority of aircraft 


manufacturers, thus replacing the familiar 
rubber boots serving the same purpose, This 
point may be worth consideration in any com- 
parison of the two systems for ice control of 
radomes, As in the case of the boot and the 
anti-icing fluid system, hot air is always avail- 
able in the aircraft, although not always at the 
point in the aircraft where it is convenient for 
use, The fact that hot air was not adopted for 
anti-icing radomes at the outset of the search 
was because there was no known practical 
method of fabricating ducted core material for 
the manufacture of radomes, and also because 
early plastic resins would not stand the tem- 
perature necessary to transmit the required 
heat through the insulating skins. The develop- 
ment of the lost wax method of fabrication of the 
core materialby Douglas Airc ift, and the suc- 
cessful molding of fluted core 1 matched metal 


dies by North American Aircraft, opened the 
way. In operation, both types of construction 
employ a circulation of hot air distributed and 
collected by the proper manifolding system, 


Advantages, 


a. The method has been demonstrated as sat- 
isfactory in service in prevention of ice forma- 
tion on leading edges and surfaces, as well as 
radomes. 


b. Very little, or minimum, upkeep and main- 
tenance is required. 


c, Generally speaking no sacrifices ‘n elec- 
trical properties or performance may be anti- 
cipated, 


Disadvantages, 


a, To obtaln good heat transfer through the 
wall, the skin must be very thin, thus making it 
subject to easy damage and costly repair. This 
has proved to be serious in some cases, 


b. The method is applicable only to sandwich 
radomes. This is no disadvantage if a sandwich 
igs desired for other reasons, 


c. Repair methods are difficult, and cannot 
normally be completed in the ficld. 


d. Due to the large quantities of heat required 
to maintain proper skin temperatures, a large 
airflow is needed. 


e. Because the flutes have shear continuity in 
only one direction, itis almost always necessary 
to employ a double sandwich construction to 
provide sufficient physical strength, This sig- 
nificantly increases radome weight and cost, 


f. The hot air reduces the physical properties 
of the reinforced plastic material, thus aggra- 
vating any stress problem. 


6-40, Icing Control — Internal Heating 


The method of heating the interior face of the 
radome, either from radiant heat or from heat- 
ing the air in the entire cavity has beenused 
only on very large ground radomes of the thin- 
wall, rubber, air-supported type, where radiant 
heat from infrared lamp banks was employed, 


No known installation using this method has 
been employed for aircraft radomes, The thin 
walls required, and the amount of electrical 
energy consumed are not compatible with air- 
craft design requirements, 
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Advantages, 


a. The complexity of the system ts of the very 
lowest order. 


Disadvantages. 


a, The method can be practical only if the 
rador-* wallis ofthe thin solid-wall type, This 
is no didadvantage if the wail was selected to be 
this type for other reasons, 


b. The radar equipment housed within the 
radome wall will have definite limitations of 
temperature to which it can be exposed, It may 
be difficult to prevent this equipment from be- 
coming over heated, 


c, Heat obtained from infrared bulbs is very 
expensive, 


d, If the heat is obtained through heating the 
entire quantity of air in the cavity, the rate of 
heat transfer from the air to the radome wall 
will be very low unless some method for pro- 
viding high turbulence or flow is provided. 


6-41, Precipitation Static 


Precipitation static is produced by the accum- 
ulation and discharge of high potential electric- 
ity, As the aircraft sweeps through the air it 
encounters charged particles which release 
their energy to the structure, When a sufficient 
potential has been attained, a discharge takes 
place. To prevent the discharge from inter~- 
fering with the operation of electronic equip-~ 
ment, the aircraft will be equipped with static 
dischargers, These devices gradually discharge 
any accumulation of energy to the air at low 
potential, 


On nonconductive surfaces, such as >adomes, 
the charges collected cannot transfer to the 
aluminum structure of the aircraft without local 
discharges, These discharges adversely affect 
the performance of the radar system. For this 
reason, conductive coatings are sometimes 
applied to the radome. Such coatings are gen- 
erally of elastomeric type and similar to that 
used for rain-erosion pgotection, The resis- 
tance of these materials is somewhat unstable, 
changing with age and weathering, and as a re- 
sult they are not completely satisfactory. 


6-42, Lightning 


Many lightning strikes on aircraft radomes 
have been reported. Although intense heat may 
be generated and high local pressure waves 
created, the damage may not be as serious as 


might be expected. The danger apparently lies 
in the general weakness of the radome itself. 


The photograph presented to show typical 
damage, Figure 6-29, shows that the damage is 
of a local nature. and thit the hlaat prasenre did 
not cause a general collapse of the radome. It 
follows, therefore, that if the radome hag some 
margin of safety in strength, it may suffer local 
damage and stillcomplete the flight without total 
failure, Since aircraft are designed for speeds 
far in oxcess of those at which they ai@ nor- 
mally operated, it is unlikely that a radome 
would be subjected to a lightning strike anda 
subsequent maximum dive speed in the same 
flight. 


Lightning protection is generally not used on 
aircraftradomes, On some antenna covers dis- 
continuous strips of metal or metal spray ma- 
terial are utilized to conduct ihe electrical 
charge into the airframe structure, A strip of 
metal attached to the airframe and the radome 
(or instrumentation boom) is effective in pro- 
viding protection against lightning strikes, 





Figure 6—=29. Lightning Strikes on a Small Rodome 


6-43, Moisture 


A radome may be subjected to moisture either 
by direct exposure to water, or to exposure to 
the moisture in the air. Under conditions of 
high relative humidity and altitude cycling, the 
absorption of moisture from theair may be much 
greater than that which canbe picked up even by 
immersion in water. 


Moisture absorption will result in a decrease 
in electrical performance and a degradation of 
the physical properties of glass-reinforced 





plastic materials usually used in radome con- 
struction, This 1s particularly true of the 
honeycomb core material which is essentially 
thin. Reinforcing materials other than glass 
fibers almost universally have much greater 
tendency to moisture absorption than do the 
glass fibers. 


Moisture absorption of alkyd-isocyanale [uum-~ 
core material is relatively low because of the 
unicellular construction of the bubbles, .Exper- 
iments performed by Zenith Flastics show that 
form-core radomea with holes drilled at fre- 
quent intervals through the inner face, will not 
absorb enough water in direct contact to notice- 
ably affect radar transmission, These tests 
were performed by so drilling a radome and 
leaving it filled with water for a period of 24 
hours, The water was then removed and the 
surface wiped dry, The electrical tests were 
performed immediately afterward, 


The following table o. physical properties of 
wet und dry, glass fiber, reinforced polyester 
resin laminates is presented to illustrate the 
loss of strength due to moisture absorption. 
These values were determined for Laminates of 
181 glase cloth with garan finish and polyester 
resin, and at zero degrees to the warp, 
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Tensile Strength, 43,000 40,000 
pounds per square 
inch 


Compressive Strengih, 43,000 34,000 
pounds per square 
inch 


Tensile Modulus, 2.5x10° 2.4x 108 
pounds per square 
inch 


Compressive Modulus, 3,4 x 10° 3.1% 108 
pounds per square 
inch 


Additional data is given in Chapter 8 ana in 
Figure 6-30, which shows the percentage of 
strength retention of a polyester laminate for 
tension and compression stresses at 45° and 
90° to the warp direction of the fibers, This 
data also shows the effect of time of exposure, 


Recent advances in the field of finishes for the 
glass fibers have materially increased the re- 
sistance to moisture absorption and loss of 


SPSS RE erreos 





34 


"$5 42) “49 
doys of exposure to OO Persea relative pormdity at 20” F 


Figure 6-30. Dry Property Retention Versus Days of Exposure to 100 Percent Relative Humidity 








strength. The data presented in Figure 6-30 
and in the previous table was based on the use 
of the improved finishes, 


The reduction in strength of glass cloth honey- 
eamh rare materisia ia aynected tn he in the 
order of 50 percent. This fact, along with the 
loss of electrical transmission, requires that 
core materials be protected from moisture 
absorption to the greatest degree possible. 


As an aircraft climbs from a warm, moist sea 
level environment into the cold and rarified air 
of high altitudes, any moisture in the cells con- 
denses into water and subsequently freezes, If 
the faces of the sandwich are porous, the pres- 
sure in the cells will be greatly reduced, As 
the aircraft returns to lower levels, mcre 
warm, moist air will flow into the cells, After 
repeated cycles of this nature, the cells may be 
found to contain large amcunts of water, which 
will adversely affect both the electrical and 
physical properties of the radome. 


Recent changes in specifications for sandwich 
construction have created requirements for 
sandwich faces of radomes to be ‘‘void-free,”’ 
This process, originally developed by Goodyear 
Aircraft Corporation, is a fabrication technique 
for removal of entrapped air or residual 


volatiles from the wet layup before cure, result- 
ing in a virtually nonporous laminate. Cycling 
tests of reinforced plastic laminate faces made 
by void-free techniques approved by this speci- 
fication have shown adequate resistance to 
moisture shsorstion, 

If a totally wet laminate is allowed to dry, its 
physical and electrical properties will roturn to 
normal, However, exposure of the glass cloth 
materials to moisture before impregnation with 
resin may result in permanent loss of strength. 


6-44, Nuclear Radiation 


There is little definitive data on the effect of 
nuclear radiation on reinforced plastic lami- 
nates. Degradation of polyester laminates 
after prolonged exposure to gamma radiation 
has been noted. The improvement in thermal 
properties of such plastics as polyethylene by 
radiation is due to molecular :ross linking, Un- 
fortunately polyester polyme.:s cannot be further 
modified in such fashion. 


Although little information is currently ayail- 
able on the effect of nuclear radiation on rein- 
forced plastic materials, it is known that re- 
search on this subject is being prepared at this 
time, The investigators include Lockheed Air- 
craft Corporation, Convair, and perhaps others. 


SECTION E. STATIC TESTING* 


6-45, Fixtures for Static Testing 


The external loads applied to a part must be 
balanced by the reacting loads from the struc- 
ture to which the part is attached, It is impor- 
tant, therefore, that. the fixtures on which the 
part is to be mounted for static testing simulate 
as closely as possible the actual structure that 
supports the part, If the structure cannot be 
duplicated for the static test fixture, then a 
careful study of the reacting forces should be 
made, and a static test fixture designed to du- 
plicate the method of load transfer. This 
method will usually reflect the data gained from, 
and made a part of, the stress analysis of the 
structure invo'ved, 


In attempting to simulate the actual structure, 
it is usually considered sufficient to duplicate 
the rigidity, This unfortunately creates another 
problem. A structure that is comparable to 
another from the standpoint of rigidity will, in 
all probability, be comparable in strength A 
great many embarrassing situations have devel- 
Oped as a result of this situation, caused by a 
failure of the supporting structure before the 
part under test has failed, To insure that the 
part being tested will fail before the fixture 
fails, it is common practice to design the static 
test fixture to have a margin of strength of 
several hundred percent over that of tne part. 


The difficulty lies in making a design com- 
patible with both the requirements to duplicaie 


*The term ‘‘static testing’? is applied to those tests where an actual part is subjected to loading 
systems similar or equivalent to those that it will encounter, or be expected to encounter, in ser- 
vice. Other tests, performed on samples to determine physical properties, for example, will be re- 
ferred to as ‘‘mechanical tests,’’ or ‘‘environmental tests,’’ 








ascloselyas possible the rigidity of the struc- 
ture, and yet retain a sufficient margin of 
strength to insure a proper test of the ultimate 
strength of the part, 


Another point that should be given careful at- 
tention is the matter of deflection. In addition 
to the data that willbe gathered in regard to the 
sirengii ui the part, it 18 usuaily of great 
importance to gather proper deflection data, A 
supporting structure that is very flexible may 
not only support the part improper!y but also 
make it extremely difficult to gather good de- 
flection data. This data will probably entail 
overall deflections, and deflections of one part 
with respect to another part or area, 


The deflection readings that are to be taken 
should be determined before the design of the 
fixture is undertaken so that ample provisions 
may be made in the design for ease and accu- 
racy of measurements, 


6-48, Methods of Load Application 


Weights, The simplest method of applying a 
static test load is by means of weights, For 
convenience, the weights are usually in the form 
of small bags filled with sand or lead shot. 
Weights range from 10 to 25 pounds. The bag 
itself is usually constructed of canvas. 


Some of the other advantages of this method of 
loading are the uniform loading or pressure ob- 
tained, the ease of distribution of load, the abil- 
ity to "duplicate varying pressure or load, and 
the ability to add and remove load very slowly 
and precisely. In addition, there is very little 
expense involved in equipment and maintenance, 


The disadvantages of the system are that load- 
ing must necessarily be slow, and that catas- 
trophic (total) type failures are produced. . It is 
not possible to remove the load suddenly to save 
the part being tested from total destruction, In 
some cases it may be absolutely necessary. to 
prevent total failure of the part, in which case 
supports may be placed under the test specimen 
and gradually removed as the part deflects 
under increasing load. 


It should be pointed out that there is some 
element of danger in applying large amounts of 
load by means of weights. A sudden and unex- 
pected collapse of the part may precipitate an 
avalanche of weights on the test engineers. 


Another disadvantage of using weights is the 
lack of uniform distribution of load if the height 
of the bags becomes appreciable, As the height 
increases, and the part deflects, it can be seen 


that bags tend to lean against each other, and 
distribute the load towards the supports, the 
areas that are not deflecting. This tendency 
will prevent the actual bending moments and 
shears from reaching the values calculated. 


It is aleo apparent that the method is suitable 
only for loading fairly flat and horizontal sur- 
faces, and that the direction of load must nec- 
essarily be downward. This seriously handicaps 
the versatility of the method. 


Hydraulic Jacks, Hydraulic jacks are very 
commonly used as a method of applying static 
load. The load is easily measured and con- 
trolled, and sudden failure of the part does not 
necessarily mean that complete destruction of 
the part will take place, The load may be either 
suddenly applied or removed at will. 


Load is applied to the part either directly 
through pads, or by a whiffletree arrangement 
with cables, In the case of the whiffletree and 
cable arrangement, the load can only be applied 
in tension, since cables are incapable of carry- 
ing compression, This may on occasion requirz 
a complicated arrangement of jacks and holes 
through the part itself to provide passage for a 
cable to apply load in the right direction, The 
development of high-strength, reliable adhesive 
systems has greatly aided in attaching pads to 
the structure to be tested. 


Air Pressure, Air pressure is avery versa- 
tile tool in static testing. Loads may be applied 
either by ambient pressure created by vacuum, 
or by pressure contained by inflatable bags. 


The use of several bags will allow excellent 
distribution of load. The loads are measurable 
to very close limits by means of simple manom- 
eter tubes, and can be applied rapidly or slow~ 
ly as required, Total failure of the part will 
not' result if the bag itself will restrain the 
pressure after a given amount of deflection has 
been provided for, 


If high pressures are involved, failure of the 
part may release a very dangerous amount of 
energy. Th’: is particularly true i: the volume 
of air being used is large. If no bag is provided 
for restraint, a catastrophic failure may take 
place, both inthe part and in the general vicinity 
of the teat setup. 


Considerable difficulty has been encountered 
in using vacuum pressure for loading from the 
standpoint of leakage. Since the maximum pres- 
sure that can be attained from this method is in 
the order of 14 pounds per square inch, it is 
usually necessary to provide a high degree of 








vacuum, Since most vacuum sources are of the 
low flow type, small leaks can result in inability 
to develop the vacuum needed, 


Another disadvantage of the vacuum system is 
the inability to continue the test to failure if the 
part turns out to be stronger thanexpected. For 
example, tf 10 pounds per square inch vacuum is 
required for failure by calculation, then an over- 
load of only approximately 40 percent can be ap- 
plied before the test must be discontinued, The 
art of stress analysis is not sufficiently developed 
to avoid this situation, particularly on radomes 
of reinforced plastic material. 


Water Pressure, Water may be used to pro- 
vide tremendous pressures and loads, without 
the danger of air, due to its lack of compressi- 
bility, The load may be applied simply as 2 
weight, as shown in Figure 6-31, or may be used 
simply as the medium to transmit pressure, 


’ In the latter case, the pressure on the water 
may very conveniently be produced by the use 
of a standpipe to produce the ptoper head, It is 
also noted that water, or other liquid, has the 
unique property of creating a varying pressure, 
dependent on the depth. This factor can occa- 
a be used to great advantage, See Figure 
6-3 . 


Water is normally slow toloadand unload, and 
requires the use of bags to contain it, It does 
not lend itself to easy distribution and control, 


6-47, Static Tests at Elevated Temperature 


The increased velocity of aircraft creates ele- 
vated temperatures in its components, This has 
led to the necessity of testing radomes while the 
material is hot, or being heated, This latter 
case is for the condition of thermal shock. An 
examination of the physical properties of rein- 
forced plastic materials will show that small in- 
creases intemperature above room temperature 
vatues will result in very appreciable degrada- 
tion in the strength of the part, 


Some attempts nave been made to avoid test- 
ing structures at elevated temperature by the 
reduction of test data taker: at room tempera- 
ture, This method involves knowing the physical 
properties of the material at both room temper- 
p.ture and the elevated temperature, The failing 
toad at elevated temperature is calculated by 
the use of this strength ratio, 


if the part being tested is critical for one 
mode of failure only, this method may be suit- 
able. Knowing the mode of failure, the values 
of the critical physical properties may be de- 
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Figure 6~31. Loading Produced on a Large Radome 
by o Weight of Water 


termined to calculate the amount of reduction 
required. If the mode of failure is not known, 
then the static test is required at elevated tem- 
perature, not only to determine the failing load 
but the mode of failure as well, The reason for 
this 4s that the various physical properties of 
reinforced plastic materials are not reduced by 
the same percentage, For example, compres- 
sive strength is reduced more by elevated tem- 
peratures than is tensile strength, and strength 
is reduced more than rigidity, as expressed by 
Young’s Modulus, Thus, a part may fail by in- 
stability buckling at room temperature and by 
face compressive stress at elevated tempera- 
ture, 


It is unfortunate that stress analysis of radome 
shapes and radome materials isnot usually suf- 
ficiently precise to predict accurately even the 
mode of failure that may take place, For the 
reasons cited, it is strongly recommended that 
static testa be conducted at the temperature at 
which the part itself is expected to operate. If 
proof testing ia desired, it may then be done at 
room temperature, with loads based on the fail- 
ing load and mode of failure determined in the 
destruction test, 


The most common method of static testing at 
elevated temperature is to place the entire as- 
sembly into a large oven aud bring it to the 
proper temperature, Although this method 
appears to be very simple, it involves a great 
amount of problems not normally associated 
with testing, 


‘The high temperatures provide unwanted tests 
of the fixtures and loading methods as well as 
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Figure 6-32, Leading Produced ene Large Radome by Using Weter te Trenemit Pressure 


for the partitself, Deflections are usually more 
difficult to read or require more elaborate in- 
strumentation. Close observation of the part 
while under load and while load changes are dif- 
ficult, Windows in the test oven are a necensity, 
and field glasses or other optical instruments are 
helpful. High-temperature-resistant micro- 
phones installed on the partare useful for listen- 
ing for ac. ads of failure, but it should be remem- 
bered that at the elevated temperatures, rein- 
forced plastic materials tend to yield and fail 
without the loud noises usually associated with 
imminent failure, It has been found thata man can 
enter an oven at :260°F for short periods of (ime 
without harmful effects. The Umit of endurance 
{a not known, elther as to degree of temperature, 
or to time the heat can be endured. It is apparent, 


however, that full and accurate examination of 
the part is not likely under these circumstances, 


Other methods of applying heat while the part 
is being loaded are resistance heating blankets, 
and infrared lamps, Both of these methods will 
allow the test engineer close proximity to the 
part, and the use of lampa will allow good visi- 
bility as well, Although little experience is 
available on these methods, it is expected that 
the use of ovens for all temperature testing will 
be most satisfactory, and that the use of infra- 
red lamps will provide the best method of creat- 
ing temperature changes inthe part while under 
load, or simply testing for thermal shock, Ex- 
perience has shown that rapid changes in tem- 
perature cannot be produced in an oven unless 





a high velocity of air flow can be attained over 
the part. 


$-46. insirumentation 


The purpose of static testing is to determine 
ifa part will carry a prescribed load without 
failure, or, in some cases, to determine the ul- 
timate load the part can withstand before failure 
occurs, In addition to the load-carrying ability 
of the structure, the stress engineer may desire 
to know the stress distribution in various areas 
of the part and the deflection history that takes 
place as the part ig loaded. He also may re- 
quire temperature data if the part is being 
tested at elevated temperatures, 


For the record, and for purposes of applying 
load, it will be necessary in many cases to 
measure pressure, either of a liquid or of a gas. 
The types of instrumentation required to 
measure the type of data noted above are very 
briefly discussed below, 


Stress, Stress may be measured by el ctrical 
strain gages, These devices are applied to the 
part to be tested with an adhesive and receive 
the same strain under load as the aréa of the 
part to which they are attached, Since stress is 
in general proportional to strain, and the strain 
can be measured by the change inelectrical re- 
sistance of the wires of the gage, stress can be 
measured, The gages may be aligned in any 
direction desired, and, by the use of three gages 
aligned at 0°, 45°, and 90°, to each other, shear 
stress can be measured, 


An accurate knowledge of the modulus of the 
material is vital to the successful use of strain 
gages, Conversion of strain gage data to stress 
data is entirely dependent on the use of stress - 
strain relationships. Reinforced plastic ma- 
terials may be either isotropic, orthotropic, or 
neither, depending on the type of reinforcement 
used or the technique applied in the layup. In 
the orthotropic materials, the values of the 
physical properties are approximately equal in 
the O° and 90° directions, but entirely different 
at 45°, and varying in some nonlinear fashion 
between the two. 


When several layers of cloth are used in the 
laminate, the random orientation of the various 


plies of cloth may produce an entirely different . 


and unknown set of conditions. 


For the reasons cited, the use of strain gages 
on reinforced plastic parts is more difficult than 
on other materials, particularly metals. It is 
advisable, therefore, if possible, to calibrate 
the strain gages on the actual part if known 


loads and closely known stresses can be pro- 
duced, If this is not practical, and it seldom is, 
another anpnrnach {s to remove Speciineas ia ihe 
area of the strain gages, with the gages still at- 
tached, and conduct tests in the laboratory to de- 
termine either the validity of the reading or the 
correction which should be applied. Unfortunately 
greatdifficultiesare encountered in using strain 
gages on parts being heated because of their sen- 
sitivity to temperature changes. 


Deflection, Deflection data is usually mea- 
sured by means of dial indicator gages. These 
instruments are accurate, easily read, and re- 
latively inexpensive. They may be mounted in 
many ways and positions, These instruments 
are also available in materials that are not 
damaged by relatively high temperatures, thus 
allowing their use for elevated temperature 
testing. 





If the deflection is expected to be large and 
accuracy is not of primary importance, ordinary 
machinists’ scales may be attached to the part 
and read directly, or from a distance, by means 
of an optical instrument, Because of the defiec- 
tion that will take place in the test fixture, care 
must be taken io provide a proper reference 
point against which the reading will be made. 


Pressure, Pressure or vacuum may be read 
by the use of suitable gages or by the use of 
manometer tubes, 


Since unit pressures dealt with an aircraft 
work are usually low, the pressures can usually 
best be measured by means of manometer tubes, 
These instruments are very simple, yet very 
accurate, and with little chance of malfunction 
without detection, The usual fluid used in the 
manometers is mercury, although water is often 
used to provide more accurate readings if the 
pressures are very low, If desired, other 
liquids of various densities are available to give 
a complete range of pressure excursions, It is 
sometimes convenient to position the manometer 
tube at an angle to the vertical to increase its 
sensitivity. 


Tt ta recommended that all low-pressure read- 
ings be takenby manometer tubes and the pres- 
sure gages be '1sed when the pressures are out- 
side the range that can be measured by mano- 


. meters. 


Temperature. Temperatures may be recorded 
by many means, ranging from an ordinary ther~ 
mometer tothe more complicated thermocouple 
and recording system. There its little to be said 
of methods of measuring static temperatures, 
since this is an old science, The problems con- 








nected with temperature measurement are as- 
sociated with the méasurement of rapid changes 
of temperature, and the rate of change of tem- 
perature within an object, or of the surface of 
the object. Rapid changes of temperature can 
best be measured with a thermocouple and a 
rapid response recordes, ‘The thermocouple 
and the wires should be as small as possible to 
reduce the heat absorbing mass, 


Methods of measuring skintemperatures under 
transient conditions are relatively new, and no 
method has been universally adopted as stan- 
dard, The suggestions shown here are the best 
known to the writer ai thie time, It is expected 
that rapid advances will be made in this art due 
to the great interest in thermal stresa and 
thermal shock criteria, 


For metal skins, the thermocouple may be 
attached ag shown in Figure 6-33. For plastic 
materials, the use of the metal screw does not 
seem permigsible, The variation, as shown in 

. Figure 6-34 may give reliable data, assuming 
ve the wedge is of the same material aa the 
akin, 


Because of finite diameters of thermocouples 
it 1a not considered practical to attempt to bury 
them in the laminate, The smaller the thermo- 
couple head the more accurate this method 
could be. Most accurate results may be ex- 
pected from the method shown in Figure 6-36. 
It {a apparent, however, that the installation will 
require vury precise work, Again it is felt that 
minimum sizes of thermocouple heads will con- 
tribute to the accuracy of readings, particularly 
those involving rapid temperature changes, 


self tapping screw thermocouple 
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Figure 6-33. Thermocouple Attached te Mete/ Skin 
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Figure 6=34. Thermocouple Attached to Plastic Skin 
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Figure 6—35. Thermoceuple Attached te Plastic Skin 


SECTION F. ENVIROMENTAL TESTING 


Environmental conditions that are closely re- 
lated to structural requirements are thermal 
effects, vibration, and shock, Methods of test 
for these conditions are outlined below. 


6-49. Thermal Shock 


In thermal shock, high thermal gradients are 
caused to exist in a part by.sudden and severe 
changes of temperature. The thermal gradients 
create straingin the material due to differences 
in the rates of expansion, 


Thermal shock is usually applied by rapidly 
changing the test specimen from one medium to 
another, by changing the temperature of the 
medium, or by exposing the part to a sudden 
application of heat from heat lamps or other 
source of radiant energy. 


An, example of the first type of test ig one in 
which the part ie stabilized at one temperature, 
gay'a cold box, and then removed and quickly 
placed in a hot oven, This type of test ie un 
satisfactory from several standpoints, mainly 
the lack of control over time and temperature, 


The only advantage seems to be in the simplicity 
and low cost of the equipment, If the part were 
to be placed in a medium of high specific heat 
and conductivity, such ag oil or water, very high 
rates of change may be induced, Again, however, 
control over rate and temperature ts difficult, 
if not impoasible. 


Producing thermal stresa by changing the tem- 
perature of the medium is much more subject 
to control than the previous method, Since a 
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considerable time lag would be involved in 
raising or lowering the temperature of the 
medium, the change can best be accomplished 
by utilizing a flowing material, with changes of 
femperaturs seiig pruduced by proper mixing 
of hotandcold, By the use of valves, close con- 
trol over the rate of change of the medium may 
be attained, 


Although either method outlined above can pro- 
duce the required rate of change‘of the medium 
surrounding the part, the problem in moat cases 
concerns producing a rate of change on the sur- 
face of the part. This may be a much more 
difficult problem since the conductivity of a 
gaseous medium may be much lower than that 
of the part, and the conductivity of a liquid 
medium may be much higher than that of the 
part, The use of radiant energy avoids the ne- 
cessity of coping.with thermal conductivity, but 
ig concerned only with the intensity of the heat 
source and the distance to the part, Rates of 
change may ke obtained by varying one or both 
of these factors, usually the distance being most 
convenient, 


6-50, Impact 


Impact testing of complete parts isnot a usual 
vondition for testing. Radomes are recognized 
as fragile structures, and if subjected to impact 
loads, may be expected to suffer damage, If 


specific requirements are called for in the de- . 


sign specification, then these conditions will 
form the basis for testing, 


Impact tests are performed on small speci- 
mens in order to evaluate materials, Standard 
tests for this are definedin Government Speci- 
fication LP-406. 


6-51, Shock, Vibration, Elevated Temperature, 
Low Temperature 


Shock, Shock tests are performed on complete 
parts as required by design specifications. 
These tests are usually performed by drop-test- 
ing on special test devices designed for this pur- 
pose, The purpose of the drop test is to pro- 
duce the required acceleration on the part at 
the prescribed angle, or in the prescribed 
direction, 


Vibration, Vibration tests are performed by 
the use of vibrationtablesfor this purpose. The 
test provides the acceleration, the frequency, 
the amplitude, and the number of cycles as 
prescribed by the specification, 


Elevated Temperature, Methods of testing at 
elevated temperatures are described in para- 
graph 6-47, 


Low Temperature, Reinforced plastic ma- 
terials are stronger at low temperatures than 
at high or room temperatures, For this reason 
it is usually not necessary to test at low tem- 
perature, As in most materials, brittleness and 
lack of impact resistance increase at low tem- 
peratures, Since these effects can be studied 
and evaluated on sample panels and specimens, 
it 18 not normally necessary to test full-scate 
parts to determine the effect, 
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SUBSONIC AND SUPERSONIC 
RAIN EROSION PROBLEMS 


SECTION A. 
7-1, Rain Erosion Problems 


With the advent of higher speed subsonic air- 
craft and supersonic aircraft and missiles, many 
new engineering problems have been encoun- 
tered. One of the most severe is the phen- 
omenon of ercaion of exterior plastic leading 
edgee during high speed flights through rain. 


Damage due to rain erosion was first reported 
{n 1945 on a laminated plastic radar housing 
which was part of the "Eagle" vane antenna 
ingtallation on the B-29 airplanes. The sever- 
ity of rain erosion damage has increased with 
higher flight speeds and the extent of the erosion 
has increased with the more extensive use of 
plastics in aircraft. Erosion damage, while 
undoubtedly more severe on plastic parta, such 
as radomes, has also been detected on such 
metals as magnesium and aluminum, 


The damage has been severe enough to cause 
complete structural failure of the radome, which 
could result in vastly reduced performance of 
the aircraft or even complete loss. The use of 
nonmetallic materials, such as glass-reinforced 
polyester regin laminates, for radomes is nec- 
essary from the electrical standpoint. It ia also 
advantageous, where applicable, to use light- 
weight nonmetallic reinforced plastics in place 
of metals. The Air Force has investigated the 
rain erosion problem in an effort to obtain ma- 
terials that will resist erosion for long peridds 
of flight through rain, 


INTRODUCTION 


7-2. Approaches to the Solution 


Obviously the most satisfactory solution to the 
problem would be the development of a radome 
material which would be rain erosion resistant 
in itself. Typical polyester laminates, such as 
are currently being utilized, are definitely un- 
satisfactory, from the standpoint of rain erosion 
resistance, without some means of protection, 
This fact has led to the development of coating 
materials that would protect the plastic aircraft 
surfaces from erosion. 


The most satisfactory coatings developed to 
date are of the neoprene type, presently utilized 
on aircraft plastic leading edges, for example, 
radomes. For the beat combination of rain 
erosion andelectrical properties, theae coatings 
are applied in a 10-mil thick film, 


A coordinated military specification, MIL-C- 
74395, covering the requirements for rain 
erosion coatings, ia presently being utilized for 
procurement of neoprene rain erosion coatings. 
The specification has been expanded to include 
an antistatic coating requirement; a coating has 
been obtained which conforms to the specifica- 
tion requirements. If these coatings are applied 
to structurally sound radomes, which provide 
good support, and if maintenance and inspection 
are satisfactory, the coatings provide adequate 
radome protection at subsonic apeeds. 


From the standpoint of resistance to rain 
erosion, relatively few "unsatisfactory reports" 
have been received, during the past several 
- years, on approved rain-resistance coatings. 





SECTION B. SUBSONIC RAIN EROSION 


7-3. Test | Equipment and Procedures 


A subsonic rain erosion program conaucted at 
Cornell Aeronautical Laboratory has as its pur- 
pose the evaJuation of the rain erosion resistance 
properties of nonmetallic aircraft materials. 
The tests are carried out on apparatus con- 
sisting of a blade that rotates at speeds of 600 
to 650 miles per hour in a horizontal plane 
through simulated rainfall. The presently 
utized rotating arm apparatus was designed 
and constructed by Cornell in 1952.1 


Previous tests on various plastics and coatings 
in the speed ranges of 260 to 500 miles per hour 
indicated that the rate of erosion increases 
greatly (roughly to the 8th or 10th power) as the 
speed is increased; therefore, to keep pace with 
the speeds of new aircraft; it was believed desir- 
able to construct a piece of test equipment that 
would simulate transonic or perhaps supersonic 
velocities, and to study the phenomena of rain 
erosion at higher velocities. Preliminary 
studies on the development of: a supersonic 
rotating arm test apparatus indicated that horse- 
power requirements for 1,000 miles per hour 
would be in the range of 400 to 500. Since it was 
economically unfeasible to purchare a motor of 
this power, it was decided that newtest apparatus 
would be designed and built around a 100 horse- 
power, wound-rotor motor, which would be in 
the desired cost range. 


Plans and drawings were made for a test cell, 
gear transmission, und a test blade to rotate at 
a top speed of 6,800 revolutions per minute 
(rpm). Figure 7-1 shows the detailed design of 
the blade. Figure 7-2 outlines the general 
layout of the cell. The pit containing the test 
blade and gear box is 10 feet below ground and 
ia rubber covered. Figure 7-3 shows the interior 
of the pit, gear box, test blade, and specimens, 


‘she equipment was revised to provide a con- 
tinuously variable speed from 500 mph to 700 
mph in the middle of the test specimen. 


Tests were conducted to compare the relative 
erosion rates of the old and new test apparatus 
on elastomeric materials. Two sets of speci- 
mens were prepared. Bostik 1007 primer with 
Goodyear neoprene coating 23-56 was sprayed 
on glass laminate teat specimens to obtain a 
total thickness of 10 mils. 


Specimens No. 402 were tested on the old 
apparatus and specimens No. 403 were tested 
on the new apparatus at a nominal speed of 500 
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miles per hour. The total times of exposure 
were 189 Giiuuies fur che cid apparatus versus 
120 minutes for new apparatus. This indicates 
an approximate factor of 1.5 in converting rain 
crosion time on the new apparatus to data ob- 
tained on the old apparatus. 


The standard rain erosion test which is used 
to compare all materials is at 500 miles per 
hour though a 1-inch per hour simulated rain- 
fall with a 1.9-millimeter droplet size. All 
subsonic rain erosiontimes cited in this chapter 
arefor this standard test unless otherwise spec- 
fied. Test specimensof airfoil shape, conform- 
ing to Figure 7-4, were attached to each end of 
the blade; these specimens of plastic or metal, 
were tested with or without coatings. 


This test apparatus does not reproduce exactly 
the amount of erosion expertenced during the 
same time interval as one obtains under actual 
flight conditions; however, it has been shown to 
rate materials satisfactorily in their relative 
order of in-service durability, anc this is the 
purpose of the equipment. It is probably at least 
three times more severe as a rain erosion test 
than actual flight tests. This is a factor that 
has not been clearly determined due to a lack of 
sufficient flight test data. 


7-4. Erosion Criterion 


Studies of rain erosion resistance have been 
determined for typical aircraft plastics. To 
pursue such study, abasic need was to recognize 
the extent of erosion. Early work, however, 
showed the inadequacy of weight loss as a pos- 
sible method for determining the extent of 
erosion. Depth of penetration of erosiun, as, 
for example, the number of plies eroded, was 
not useful in this work because the time for 
initiation of erosion was of especial interest. 
It was found that an early stage of erosion could 
be recognized when approximately 50 percent of 
the surface is covered with fine pits and the re- 
maining 50 percent is unpitted. It is referred to 
as the 50 percent initiation point. It was ob- 
served that the pits appear to have a maximum 
size of approximatoly 0,01 to 0.02 inch acrogs, 
and that, as erosion continues, pits of this size 
overlap. In the test runs there appeared to be 
no evidence af the initial formation of pita larger 
than thie size. Recognition of this degree of 
erosion was sufficiently precise so that compari- 
sons of velocity and time of erosion could be 
made. All spccimens were eroded to thie same 
degree. 
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Figure 7-2, Rain Erosion Celi at Cornell 
Aaronoutical Laboratory 





Figure 7:3, Interior of Cornel! Tes? Pit, Gear Box, 
Teat Blade, ond Method of Mounting Specimens 


7-6 Test Conditions 


Inperforming a test, the specimen was eroded 
onthe whirling arm testing machine until the 50 
percent initiation point occurred somewhere 
along the leading edge. The actual location of 
this point was then determined by microscopic 
examination and the radius of the arm at thia 
point was determined. From the radius and the 
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Figure 7-4, Test Specimen Details 


speed of rotation, the velocity of the specimen 
at the 50 percent initiation point was computed. 
Fror.the velocity and the rainfallrate, the num- 
ber of raindrop impacts per square inch were 
esi:mated. This latter estimation is based on 
the concentration of raindrops in the atmosphere 
and the volume swept through by the specimen. 
For a i-inch per hour rainfall, in which the 
average drop +22 {4 1.9 millimeters, the num- 
ber of impacts se equere inch is §,09Vt where 
V is the veloc, » cf 1} specimen in miles per 
hour and t ia th, .-m.: . exposure in minutes. 


Vae of 60 perceis «xsion point was restricted 
to polyester reaiie and polymethylmethacrylate, 
since it was found that other plastic and elasto- 
meric coatings did not give reproducible results. 


For elastomeric coatings, the time of failure 
is defined as the time to erode through the coat- 
ing to the laminate or supporting material under~ 
neath. After the coating has eroded through, 
the plastic laminate underneath rapidly deterior- 
ates and the coating no longer performs its pro- 
tective function. 


7-4. Variables Influencing Subsonic Rain Erosion 


In addition to evaluating all promising materials 
for rain erosion resistance the work at Cornell 





has also involved determining the effect of such 
variables as velocity of the specinien, tempera- 
ture, droplet size, angle of attack, and rainfall 
rate. 


Cornell has established that the angle hetween 
the surface and the path of the drop is a major 
factor in influencing amount of rain erosion 
damage. It has been determined that, at angles 
of 60% or less between the surface and the path 
of the drop, the erosion was considerably less 
than when the angle was greater than 60°, At 
angles of 15° or less, erosion is negligible, 
and the use of coatings for rain erosion pro- 
tection at the speeds tested (200 to 600 miles 
per hous) is not necessary. 


Tests at Cornell have also indicated that the 
time of exposure required to produce a given 
amount of erosion is inversely proportional to 
the eighth power of the velocity of the specimen 
in the speed range of 250to600 miles per hour. 


A study has been conducted of the influence of 
drop size and rainfall rate on the amount of 
erosion produced. The stress caused by the 
impact of a drop is proportional to approximately 
the 3.2 power of the diameter of the drop. The 
data supporting this relation was originally ob- 
tained using poly methylniethacrylate in 3~inches 
per hour rainfall in which the median drop size 
was 2.6 millimeters. In comparing with other 
data, it is to be noted that both drop size and 
rainfall rate are varied; and inthe great majority 
of tests, these have beenheld at 1.9 millimeters 
and 1 inch per hour. 


Rainfall rate and drop size normally vary to- 
gether. Testa were made, however, in which 
rainfall rate was varied while the drop size was 
held constant. This was accomplished by using 
three, rather than one, of the nozzles designed 
for simulating 1l-inch per hour rainfall. The 
results of the tests in variations of rainfall rate 
and drop size are organized in Figure 7-5. The 
line for 1.9 millimeters drops when 3-inch per 
hour rainfallistaken from a similar plot of data 
using the three l-inch per hour rainfall nozzles. 
A plot of the logarithm of the total number of 
impacts per square inch to initiate erosion 
damage versus the reciprocal velocity (multi- 
plied by a constant term which is the diameter 
to the 3/2 power), results in straight lines, as 
illustrated in Figure 7-5. 


The line for 2.6-mm drops was obtained from 
calculations based on photographs of early spec- 
imens. It is to be noted that inclusion of the 
correction for drop size, a3/ , brings the slope 
of the line for the larger drop to that of the line 
for the smaller drop. 
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It is also to be noted that with constant drop 
size, more impacts are required in 3-inch per 
hour rainfall than in l-inch per hour rainfall 
to initiate erosion. This decrease in efficiency 
of a given size drop in producing erosion as 
suinfaii rate increases is attributed to an inter- 
ference phenomenon. On impact, the drop 
splashes back in the form of a finespray moving 
ahead of the specimen. As the number of 
impacts per unit time increases, the density of 
this spray must increase. Thus, at very high 
rainfall rate, the drops must penetrate through 
a more dense spray, moving generally in the 
opposing direction, before reaching the Surface. 
This interference between spray and drops is 
apparent invisual observation using stroboscopic 
light. The spray is considered to decrease the 
relative velocity of the drops at impact. Inas- 
muchas the amount of erosion is very sensitive 
to velocity changes, even a slight decrease in 
velocity would have a very noticeable etfect.? 


7-7, Rain Erosion Properties of Coatings, and 
Plastic Materials 


Typical polyester resin reinforced plastic 
laminates have extremely poor rain erosion 
resistance in themselves. In the standard rain 
erosion test they will erode through a1/8-inch 
laminate in 3 to 4 minutes, The problem of 
obtaining plastic materials which will resist 
erosion for long periods of flight through rain 
ig still to be solved. Many approaches have 
been investigated to improve the glass rein- 
forced laminate orits components. Studies have 
been disappointing. Although new epoxy resins 
have greatly increased the rain erosion resis- 
tance capabilities of plastics, the epoxys in 
themselves are still far from being a satisfactory 
solution, and the majority of the exterior plastic 
parts utilized in aircraft today are fabricated 
from polyester resins, Overlays and new tech- 
niques of fabrication have not been successful 
and offer little promise. Therefore, a great 
many coating materials have been investigated 
to determine the most satisfactory one for plas- 
tic protection. 


To date, the neoprene type coatings have been 
the most satisfactory. Of the many neoprene 
coatings evaluated, only three meet the require- 
ments of MIL-C-7439B for rain erosion coatings 
over plastic laminates. These are the Goodyear 
23-88 Class I and Goodyear 23-57 Class II 
coatings, and the Gates H-79 Class I coating. 
When these materials are properly applied to a 
polyester glasscloth reinforced laminate speci- 
men, a 10-mil coating may be 2xv °~1 to resist 
erosion at 500 miles per hour ~... °-:aillimeter 
rainfall for approximately 8 jii:izies in the 
simulated rain erosiontest, These coatings are 
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Figure 7.5. Correlation of Drop Size Data on Polymethy!methacrylate 


all of the air drying type and can be applied by 
either brush or spray. When applied in a 10-mil 
thick film, they meet the electrical requirements 
for aircraft radomes. Thicker coatings possess 
much guperior rain erosion resistance but seri- 
ously impair the electrical properties, 


A study of the relation of the thickness of neo- 
prene coatings to their rain erosion resistance 
was carried out (1) to determine whether the 
rate of erosion changes as the thickness of the 
coating is increased; and (2) to obtain a curve 
that could be used to predict the relative rain 
erosion resistance of various thicknesses of a 
typical neoprene coating, such as Goodyear 
23-66, 


Twenty standard glaes-reinforced laminates 
were primed with and then brush coated with 


Goodyear 22-56 neoprene so as to give coatings 
ranging from 1 to 33 mils thick, Tests were 
conducted on the coated specimens at a speed of 
500 miles per hour and 1~inch per hour rain- 
fall. The time to obtain the first hole in the 
neoprene coating was recorded, and these data 
were used to prepare the graph shown in Fig- 
ure 7-6. The testa were stopped when erosion 
had progressed through the coating and one to 
two plies of the glass-reinforced laminate 
beneath. 


The graph indicates that the rate of erosion is 
greater in the range of 1 to 8 mils than in the 
range from 8 to 33 mils. It can be generally 
stated that the time to erode through neoprene 
coatings of the Goodyear 23-56 type is a func- 
tion of the coating thickness. The general 
equation shown by the dotted line, that is, time 
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Figure 7:6, Rain Eronlon Testa of 500 Miles Per Hour and teinch Per Heur Reinfoll 


to erode through the coating in minutes # 0.53 
times (thickness in mils)*, can be used to pre- 
dict how long a neoprene coating would last. 


Effect of Temperature on Erosion. The ap- 
proved neoprene coatings meet MIL-C-7439B 
temperature requirementa of exposure at 200° 
F for 20 hours with no reduction in rain erosion 
resistance. However, as aircraft speeds have 
increased, the problem of increased heating, 
due to friction, was encountered; therefore, the 
approved neoprene rain erosion coatings were 


investigated after exposure to elevated tem- 
peratures, 43 


The effect of heat on the erosion resistance of 
neoprene coatings Gates N-79 and Goodyear 


23-56 was determined under the following con- 
ditions: 





Room temp 
Coating air dry 
100 hours 
Gates N-79 88 min 
Goadyear 25-56 131 


Table 7~I. Effects of Temperatura 


Average Time to Erade Through 10-Mil Coating 


1, 180° F for 72 hours 
2, 226° F for 72 hours 
3. 300° F for 20 hours 


The results of thesc tests indicated that heating 
for periods up to 72 hours at 180° F does not 
materially affect the erosion resistance; heating 
for 72 hours at 225° F does affect the coating. 
In general, the presently approved coatings can 
be considered satisfactory after exposure to 
temperatures up to 200° F for periods in the 
range of 100 hours. As the temperature in- 
creases to 300° F, exposure for shorter periods 
renders these coatings unsatisfactory for rain 


erosion resistance. The results are indicated 
in Table 7-1. 


180° F 226°F 300° F 
for for for 

12 hours 72_hours 20. Hours 
96 min 48 min 1.5 min 


75 55 5 











In all cases, as the temperature increased, 
the coating became darker. At 300° F, the 
film became black and very brittle. Failure 
was due primarily to loss of adhesion. 


Based on these results, annroved MIT .7439R 
coatings exposed to temperatures above 200° F 
for periods over 4 hours should be inspected 
frequently for signs of early degradation dua to 
rain erosion. 


Teate were also conducted on specimens coated 
with Gates N-79 and Goodyear 23-66 exposed to 
400° F for 10 minutes. The specimens were 
tested for rain erosion resistance at 500 miles 
per hour and 1-inch perhour simulated rainfall. 
In testing, all specimens failed, primarily due 
to loss of adhesion of the neoprene coating to 
the glass laminate, which caused bubbling along 
the leading edge and tearing loose of the coating 
along the sidea of the specimens. The results 
indicated that the Gates N-79 coating lasted for 
30 minutes and the Goodyear 23-66 an appreciably 
longer time of 110 minutes, since the adhesion 
was superior for the Goodyear coating. 


Further studies on the effect of heat treatment 
upon the rain erosion resistance of Gates and 
Goodyear ne: orene coatings at temperatures 
between 300 and 400° F were carried out, under 
the conditions outlined below. 


Material Condition 
Goodyear 23-66 300° F for 10 minutes 
Gates N-79 
Goodyear 23-66 378° F for 10 minutes 
Gates N-79 


Goodyear 23-56 400° F for 10 minutes 


The specimens heat treated at 400° F failed, 
due ta loss of adhesion after 20 to 40 minutes 
of tasting. 


The coatings on the specimens, heated at 300 
and 376° F all failed in 30 minutes. Failure of 
all these heat treated specimens can be attributed 
mainly to loss of adhesion of neoprene coating 
to the glass fiber laminate. 


In general, the neoprene coatirigs appeared 
tougher than normal when cured at 175° F for 
4 hours, and then at 300, 375, and 400° F for 
10 minutes. Based upon the results and ob- 
servations of the apecimens used, it is believed 
that if a satisfactory adhesion system can be 
obtained between the neoprene and the glass 
reinforced laminate, the Goodyear 23-56 and 


Gates N-79 coating should have satisfactory 
rain erosion resistance when exposed to an 
upper limit of 376° F for 10 minutes. 


The approved neoprene coatings were also 
evaluated after expoaure to temperatures of -65° 


. F.; This was done because natural rubber and 


neoprene show a greater tendency to undergo a 
process of crystallization when exposed to low 
temperature or high atress. Tests conducted on 
Goodyear 23-56 and Gates N-79 after exposure 
to -66° F for one-half hour indicated that there 
was no decrease ir erosion resistance, 


Effect of Support on Erosion. The protective 
value of the neoprene coatings is directly related 
to the support offered by the reinforced plastic 
material to which the coating is applied. Sand- 
wich type airfoil specimens, similar in construc- 
tion to F-86D aircraft, were evaluated.4 The 
approved Goodyear 23-66 rain erosion coating 
was applied to slotted conventional laminates 
with thin outer sheets bonded to them which had 
thicknesses of 15 mils and 30 mils respectively 
(Figure 7-7), 


Solid laminates, utilizing the same laminate 
material, were coated with Goodyear 23-56 and 
evaluated as a control. The 8-mil neoprene 
coating over the solid wall laminate failed in 
approximately 12 minutes. A neoprene coating 
of the same thickreas lasted 6 minutes over the 
slotted laminate with the 0.090-inch shell and 
only 4 minutes over the slotted laminate 
with the 0.015-inch shell. After the rain eroded 
through the neoprene coating over the slotted 
areas, it eroded rapidly through the laminate. 
Acheck of the laminates used in theae specimens 
indicated a low Barcol hardness of 46 and com- 
pressive strength of 25,000 pounds per square 
inch. The low compressive strength probably 
escounted for the failure of the laminate beneath 
the neoprene coating. Based on these results, 
the use of laminated parts with Barcol hardness 
below 68 should be critically examined before 
putting them into service on the exterior of an 
aircraft where they would be subjected to pos- 


supporting — 
laminate 


0.015 in. or 0.030 in. 
laminate skin 





Figure 7-7. Cenfiguretion of Slotted Leminetes 
for Erosion Teste 





sibleerosion by rain. Also, the use ofthin outer 
layers of sandwich construction (15 mils and 30 
mils) does not offer proper support for the neo- 
prene coating under impact of rain drops at high 
speeds, A heavier shell would probably produce 
the desired support, 


Epoxy Resins, Recent testshave indicated that 
currently available epoxy resins reinforced with 
glasscloth or glass filaments producea stronger 
and more uniform supporting laminate than glass 
reinforced epoxy laminates previously tested, 
Scotchply 1002 and 1006 epoxy resins, and glass 
clothand glass filament laminates were found to 
have appreciably greater rain erosion resistance 
than reinforced polyester laminates.4 ° 


Minnesota Mining and Manufacturing Company 
originally submitted the 1002 and 1006 epoxy 
resin with their Scotchply material (isotropic 
glass filaments). The test results indicated 
that the 1008 took 70 minutes to erode and the 
1002 took 30 minutes to erode through a 1/8-inch 
laminate. The %0-niinute erosion time for the 
1006 epoxy resin has not been reproducible in 
later tests, A study was conducted on glass 
cloth versus parallel glass strands and also on 
Shell Chemical Company Epon 628 versus the 
3M epoxy resins, 


These tests resulted in the following conclu- 
sions. 


a, Glass cloth reinforced epoxy laminates with- 
stand erosion noticeably better than epoxy Jami- 
nates with glaas fibers, In these tests it re- 
quired 70 minutes ta erode completely through 
the 1/8-inch glass cloth reinforced 3M epoxy 
laminate, whereas it took only 40 minutes to 
eee the laminate reinforced with glass 
\bers, ' 


b. The 3M 1005-181 opoxy laminate was superior 

in rain erosion resistance to the Epon 828-181 
epoxy laminate. The 1008-181 laminate eroded 
through in 70 minutes. The Epon 828-181 lami- 
inate eroded through in 32 minutes. 


c. Glass cloth reinforced epoxy laminates have 
greater erosion resistance than similar poly- 
ester laminates, This can be attributed to the 
greater bond strength of the epoxy laminate, 
which prevents delamination under the impact 
of the rain, 


Recent retests of the 3M epoxy 1003 and 1005 
resins indicated that the time to erode through 
a 1/8~inch glaga cloth laminate varies between 
30 and 50 minutes; further avaluation is in pro- 
gress. 
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Practically all rain erosion tests have been 
conducted on coatings applied to polyester resin 
laminates, since glass reinforced epoxy lami- 
nates have shown greater erosion resistance 
than similarly reinforced polyester laminates. 
Itwas considered desirableto evaluate and com- 
pare the erosion resistance of approved neoprene 
rain erosion coatings with the twotypes of lami- 
nates, The specimens that were evaluated util- 
ized Goodyear 23-88 over Epon 828, 3M 1006 
and polyester laminates fabricated with 181 
@laas cloth and Volan A finish, A 10-mil neo- 
prene coating over the 3M epoxy laminates lasted 
approximately two hours at 600 miles per hour 
in 1-inch per hour rainfall before a hole eraded 
through the neoprene tothe laminate, The Good- 
year 23-66 over the Epon 828 laminate lasted 
about one andone-half hours for the same degree 
of erosion, The neoprene coating resisted rain 
erosion for a noticeably longer period over the 
epoxy laminates than over polyester laminates 
in the preliminary evaluation, Further evalua- 
tion of these epoxy resins for rain erosion re- 
sistant laminates ispresently in progress, since, 
based on tho work accomplished to date (1956), 
neoprene coated epoxy laminate radomes would 
have twice the service durabllity of currently 
used polyester glass radomes. Also, once the 
neoprene has been eroded through, the epoxy 
laminates themselves possess approximately 
10timos the erosion resistance ofthe bare poly~ 
ester laminates, 


Potyuresnane. The most promising new rain 
erosion resistant coating material evaluated: 
has been the polyurethane type." “Estane", a 
trade name for a cloar polyurethane material 
developed by B,F. Goodrich Company, is trans- 
parent.and has excellent low-temperature flex- 
{bility anda relatively high meltingtemperature, 
Based on tests conducted, the unprimed Estane 
coating in 6-mil thicknesses will resist erosion 
for 35 minutes, and 10-mil thick fifms wil) last 
$5 minutes, 


A 23-mil thick film of Estane polyurethane 
coating over a polyester laminate specimen 
lasted four hours at 500 miles per hour and 
1-inch per hour rainfall. This is slightly longer 
than a 23-mil Goodyear 23-56 neoprene coating 
would last under the same test conditions. 


The Estane polyurethane material erodes in 
a different pattern from neoprene, Whereas 
neoprene pita and erodes uniformly all along 
the leading edge of teat specimens, the rain 
Jmpact on the polyurethane coating produced 
numerous small cuts or slits on the leading 
edge, These become longer and deeper as the 
test progressed; however, the majority of the 
leading edge showed virtually no erosion, 


An 11-mil film of Estane, which had good ad- 
hesion to the polyester glass laminate, lasted 
for 80 minutes before heavy pitting and erosion 
through to the laminate occurred, 


The University of Cincinnati is also conducting 
@ program for the Bureau of Aeronautica on the 
development ofa rain erosion resistant polyure- 
thane coating, They have reported excellent 
rain erosion resistance. 


%=8, Subsonic Rain Erosion Properties of Cer- 
amics ani ass 


Johns Hopkina University has been conducting 
a program for the Navy on the Terrier missile 
that has included some work on rain erosion. 
Primary emphasis has been placed on ceramics 
and pyrocerams as possible radome materials 
for missile applications. 


A method of evaluation uged by Johns dopkins 
has been the polyethylene pellet gun. In this 
technique, synthetic 'raindropa'’ of polyethylene, 
which haa a density comparable to water, are 
tired from a gun. The polyethylene pellets 
strike the specimen and splatter, Using this 
method and polyethylene pellets of 2-millimeter 
diameter, single drop impacts have been ob- 
tained at supersonic speeds on a variety of ma- 
texials. The most promising materiala, as 
ahown by thege tests, have geen ceramics, such 
a8 alumina and pyroceram, 





Subsonic rain erosion tests have been conducted 
at Cornell Aeronautical Laboratory, for the Ap- 
plied Physics Laboratory of Johna Hopkins Uni- 
versity on ceramics, glass, cerams, and glass 
bonded mica, 


The materials evaluated were made of flat 
specimens that measuredapproximately 4 ‘nches 
long, 1/2 inch wideand 1/4 inchthick, The sam- 
ples were mounted in special metal adapters 
attached to each end of the whirling-arm test 
blade, The sides of the specimens were beveled 
to hold them in place, 


The specimens were evaluated at 500 miles per 
hour and 1-inch per hour rainfall, and were 
tested until they were pitted moderately and 
eroded approximately the same amount. 


Based on the results of these teats, the fol- 
lowing conclusions were reached relating to the 
rain erosion resistance of these materials. 


a. The ceramics and cerams are far more 
resistant to rain erosion than the glasses tested, 
In particular, Corning Glass cerams 843 GV, 
607BUZ (#6606), 607 AVE (#8605), andAmerican 
Lava Alsimag 570 of alumina have good rain 
erosion resistance at 500 miles per hour. The 


test samples lasted in the range of 5 to 8 hours 
before they were pitted moderately, 


b. Corning Glass 1710 has greater rain erosion 
resistance than Corning glasses 7740, 7910, or 
71070. The 1710 glass (alumina silicate type) 
specimens lasted in the range of 36 to 45 minutes 
at 500 miles per hour. All tempered glass was 
found to be superior to annealed glass, 


c. In general, tne rain erosion resistance of 
the bonded risa wag rather low, Supramica 555, 
a glass-reinforced synthetic mica, har greater 
erosion resistance than Mycalex 41( and 410X 
which are reinforced natural micas, The 
Mycalex materials with the molded finish were 
alightly better than the materiale with the 
ground finish, Supramica with the molded finish 
lasted 5 minutes, whereas the specimens with 
the ground finish lasted only 2 minutes before 
the surfaces were pitted moderately. 


In aummation, the ceramics and cerama tested 
at speeds of 500 miles per hour have excellent 
rain erosion properties. However, the present 
possibility of their use for subsonic aircraft 
radomes ‘3 consideredlimited, due todifficulties 
in form: .g them, expecially in large sizes. 
Furthermore, failure of these materials is 
usually a complete cracking which can come 
with extreme suddenness, rather than as a 
Gradual deterioration. This complete type of 
failure is extremely different from the gradual 
erosion noted inthe neoprene coatinga and, since 
the entire radome would be destroyed, could 
conceivably result in loss of the aircraft and 
pilot5 unless designs for their application are 
#0 modified as to avoid such possibilities, 


Table 7-II presents an overall summation of the 
rain erosion properties of plastic materials, 
coatings, and promising ceramics evaluated to 
date, For more complete data see the various 
reporta listed in the references. 


7-8. Subsonic Flight Test Programa 


Studies conducted by Cornell on laboratory teat 
equipment have been of great value to the Air 
Force on evaluation of materials. However, 
there has been a great need for actual flight 
testing of various materials to obtain a com- 
parison in erosion rateg and also to substan- 
tiate the laboratory teat equipment data, 


Due to the difficulty of obtaining the use of an 
all-weather aircraft for these tests, no data could 
be obtained, However, during a slack period in 
the flight test program of an FOF airplane on 
bailment to Cornell Aeronautical Laboratory 
arrangements were made to use this airplane 
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Toble 7-1. we 9 Erosion Properties of Materials Tested at 500 


Mi. per Hour Through I1/2=inch Simulated Reinfoll 


General Material 
Description 






















Methyl methacrylate 
1/8-inch Epoxy Laminate 
1/8-inch Polyester Laminate 
1/8-inch Phenolic Laminate 
*10-mil Kel-F Coating 
*10-mil Teflon Coating 
*10-mil Lactoprene Coating 
*10-mil Neoprene Coating 
*10-mil Silicone Coating 
*10-mil Polyurethane Coating 
*10-mil Gates White Neoprene 
*10-mil Hypalon Goating 
** Alumina (Al SiMag 576) 
**Pyroceram 
**Mycalex 


**Glase (1710) 





**Moderate Pitting 





for actual rain erosion flight tests for a limited 
time. 


Specimens of various coatings were applied 
directly to the 24ST metal leading edge as well 
as on glass-reinfoxced laminates that were 
bonded to the leading edge. These laminates 
were 0,090-inch thick. Figure 7-8 shows the 
specimens applied, and lists the materials used, 
All specimens were 7 inches long and extended 
back from the leading edge approximately 4 
inches. The neoprene and other elastomeric 
coatings were cloze to 10 mils thick. The paint 
coatings averaged 2 mila in total thickness for 
the zinc chromate primer and finish coat. Each 
material was applied in duplicate, that is, one 
on each wing. 


*Coating Placed over Typical Polyester Laminate 


Time to Initiate aa Time to Erode _ 
Pitting ______ Through Re 
1 min ie 
2-3 min 30-60 min 
30 sec 5 min 
15 sec 3 min 

- 5-9 min 

“- 60 sec 

ue 15-25 min 
“~ 50-70 min 
== 10 min 

“~ 50 min 

- 50-70 min 
“~ 10-20 min 
ae 300-420 min 
tes 300-480 min 
a 5 min 

ais 35-45 min 


—t at o A  fe 


Flight Tests. A total of 16 minutes flight 
through rain was obtained in two increments of 
f minutes each and two increments of 3 minutes 
each. The first flight in rain was for 6 minutes 
in a moderate to light rain, at an indicated air~ 
speed of 475 miles per hour, at 2,500 feet al- 
titude. Examination of the specimens after this 
flight showed that standard lacquer and enamel 
paint coatings applied over zinc chromate primer 
(Specimens No. 9 and 11) had generally eroded 
off most of the leading edge. Specimen No. 8 of 
vinyl type paint coatings showed some pitting 
and flaking off of small areas. Specimen No. 1 
of uncoated, vold~-free, glass-reinforced lam- 
inates showed slight pitting of the resin surface. 


The second flightin rain was also of 5 minutes 
duration, but the rain was fairly light. The speed 








Key to Position of Specimens 


Coated and Uncoated Plastic Specimens 


#1 Uncoated, void-free, glass-reinforced lam- 
inate 6 plies 181-36 cloth; Selectron 6003 

#2 Coated, glass-reinforced laminate primer — 
Bostic 1007; topcoat -- Goodyear 23-56 

#3 Coated, glass-reinforced laminate primer — 
Gates N-15; topcoat — Gates N-79 

#4 Coated, glass-reinforced laminate primer ~— 
Gates N-15; topcoat -- Gates N-79; anti- 
static — Gates N-51 

#5 Coated, glass-reinforced laminate primer — 
none; topcoat — 3M 843 +5 percent .i1 

#6 Coated, glass-reinforced laminate primer — 
Pro Seal 581; topcoat — Pro-Seal 682 

#7? Uncoated 
Lucite — 0,060 inch 


Coatings on Aluminum Leading Edge 


#8 Sherwin Williams — Navy vinyl system 
primer — E42YP7; topcoat — F55AP2 
#9 Glidden — Standard system zinc chromate ~- 
Primer MIL P6889; enamel — topcoat — 
MIL E7729 
#10 Minnesota Mining & Mfg. Co. primer ~ zinc 
chromate; topcvat — 3B 843 +5 percent Al 
#11 Glidden — Standard system chromate — 
primer — MIL P6889; lacquer — topcoat — 
MIL L7178 
#12 Guodyear ~— Neoprene system primary — 
Bostic 1007; topcoat — Goodyear 23-56 
#13 Gates — Neoprene system primer — Gates 
N-15; topcoat — Gates N-79 


Figure 7-8 Placement of Specimens on Right and Loft Wings of F9F Alrplene 


was 475 miles per hour, at 600 feet altitude, 
Specimen No. 1 of uncoated, void-free, glass- 
reinforced laminate had eroded through the sur- 
face resin to the first ply. Specimen No. 7 of 
methyl methacrylate sheet showed slight eroagion 
by a frosty appearance. The vinyl coatings 
(Specimen No. 8) were practically eroded off 
the leading edge. 


The third flight of 3 minutes was through an 
extremely light rain at 475 miles per hour at 
6,000 fect, Examination of the specimens showed 
no apparent increase in erosion over the pre- 
vious flight, 


The fourth {light was through a heavy thunder- 
storm at a speedof 460 miles per hour, at 3,000 
feet, for 3 minutes. This gave a total flight 
time of 16 minutes. The uncoated, void-free, 
glass-reinforced laminate showed considerable 
erosion through one or more plies (Specimen 
No. 1). Methyl methacrylate Specimen No. 7 
showed some pitting of the surface and fine 
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cracks, The specimen of 3JM-843 elastomeric 
coating with 6 percent aluminum pigment on 
Glass laminate, Specimen No. 5, and the 24ST 
aluminum leading edge, Specimen No. 10, showed 
considerable amount of erosion after 16 minutes 
flight. The neoprene coatings, such as Goodyear 
23-56, Gates N-79, N-16 antistatic, and Pro-Seal 
582, showed no signs of erosion after 16 minutes 
of flight through rain at speeds in the range of 
500 miles per hour, 


Based upon the flight tests reviewed above, 
the relative rain erosion resistance of various 
materials tested can be listed in the following 
order: 


1. Neoprene coatings, such as Guodyear 23-56, 
Gates N-79, Gates N-51, and Pro-Seal 582 

2. 3M-843 elastomeric coating 

3. Methyl methacrylate sheet 

4. Void free laminates 

5. Vinyl coatings 

6. Paint or lacquer coatings. 





A program hag alsobeen conducted at Wright- 
Patterson Air Force Base. The program was 
initlated in February 1952, to obtain flight test 
data on the ahillte of the appiuved uvuprene 
rain erosion coatings to protect adequately ex- 
tertor plastic teading edges, It was anticipated 
that the flight tests would also indicate a cor- 
relation between the rotating-arm laboratory 
test data and actual in-service test life. Rain 
erosion data has therefore been accumulated on 
various fighter aircraft which have been sta- 
tioned at Wright-Patterson Air Force Base. 


Fighter aircratt were selected as the logical 
vehicles because there are more of these avail- 
able and they canachieve the desired high speed 
flights in rain, All aircraft exterior plastic 
leading edges were required to be coated witi 
approved neoprene coating. This meant that the 
aircraft would need no modification at all fur 
these tests. 


Various F.-94A, F-94B, F-94C, F-89C, and F- 
89D aircraft were involvedinthis program, The 
velocity at which these aircraft flew through 
rain wag 275 knota (432 mph), The time in rain, 
degree of rain, and velocity were recorded by 
the pilot personnel, and inspection of the radomes 
was made after each flight by personnel from 
Materlale Laboratory, WADC, 


Times in rain at thig speed were accumulated 
in the range of 80 to145 minutes withno erosion 
damage on F.94 aircralt, 


An F-944 aircraft was flown for a total time 
of 2 hours, accumulated over three flights, at 
speeds varying from 820 to 375 knots (368 to 
432 mph) before the coating eroded and peeled, 
The peeled coxting was examined and found to 
be 5 mils thick inaximum, The rain ‘intensity 
varied from light rain for 35 minutes to heavy 
rain for 35 minutes. Another F-94 aircraft was 
flownat 375 knots fora total time of 200 minutes, 
accumulated over four flights, before the coating 
peeled, This was in light to moderate rain. 


These were the only two cases where erosion 
on this flight test program was obtained using 
the approved neoprene coating. Inno case was 
the radome damaged to any extent other thana 
slight hole or roughening of the surface. It is 
also stressed thatthere was no previous history 
on these radomes available which would allow 
am accurate estimate of the total life of the 
coating to be made. 


At this point it was observed that most of the 
data were being accumulated on F-94Aand F-94B 
aircraft. These alrevaft utilize a radame which 
is interchangeable. It was decided, tierefore, 
to Hmit the program to F-94A and B aircraft. 
A test radome was ubtained and coated and 
utilized in all flight tests regardless of the air- 
craft being flown. The change is accomplished 
in a short period of time, and transfer ‘vas 
made, when the weather conditions were ap- 
propriate, to whatever F-94A or B aircraft was 
in operating condition, 


The initial material applied to this radome 
and evaluated wag the Goodyear 23-57 antistatic 
coating system. Three flights wero made in 
rain, varying from light to moderate intensity, 
ata velocity of 350 knots (402 mph), The total 
time accuniulated in rain wag 56 minutes before 
the cuating bubbled and peeled considerably, 
There was nodamage to the radome, The thick- 
ness of the coating was measured and found to 
be 5 mils, which is only half the specified thick- 
ness. 


This radome was then recoated with the ap- 
proved Gates N-79 neoprene coating. Three 
flights were made in rain, varying from light to 
very heavy, at a velocity of 350 knots, The 
total time accumulated in rain was 110 minutes 
before the radome was damaged, The coating 
was still in good shape; however, because of a 
damage area consisting of a small hole, it was 
necessary to obtain a new radome, 


This program is still in progress (1956) and 
it is hoped that sufficient time will be obtained 
to complete it. 


Test Results, Points that can be obtained 
from the data accumulated to date are: 





a, It is essential that great care be taken in 
applying the coatlag to insure that sufficient 
primer is applied, The failures in most cases 
were due to loss of adhesicn. 

b, It is essential that 10-mil coatings be ap- 
plied for maximum rain erosion protection con- 
sistent with satisfactory electrical performance, 
Several radome coatings examined after failure 
had considerably less than the required coating 
thickness. 

c. TheCornell Laboratory test ig more gevere 
than actual flight tests, It is considered that 
satisfactorily applied coatings will not suffer 
rain erosion damage in flights at 375 knots 
before at least three hours in moderate rainfall, 











SECTION C, 


3VE .OPMENT OF A THERMALLY REFLECTIVE, ANTISTA TIC 


HEAT RESISTANCE RAIN EROSION COATING 


The neoprene coatings presently being utilized 
on exterior plastic leading edges are satisfactory 
up to temperatures of 200° F, but rapidly lose 
their efficiency as the temperature increases. 
At 350° F or over, an extended exposure will 
deteriorate the coating’s efficiency completely. 
It was anticipated that the constantly increasing 
speed of military aircraft and missiles will 
cause the outer surfaces of the planes to be at 
high temperatures, due to skin triction. Also, 
the practice of passing hot gases through spe- 
cially constructed radomes to prevent ice for- 
mation on their outer surfaces may lead to sub- 
jection of the protective rain erosion coatings 
to elevated temperatures,” 


7-10, Goodyear Tire and Rubber Company 
Program 


A contract was made with the Goodyear Tire 
and Rubber Company to develop a rain-erosion 
resistant material which would withstand tem- 
peratures of 500° F for an appreciable period 
and would also be electrically satisfactory. 


All available coating materials were investi- 
gated and it was found that there are very few 
which will withstand 500° F for 30 miuautes. 
Goodyear found that silicone rubber, Teflon, 
and properly compounded acrylic copolymers, 
such as Lacteprene E. V., and Acrylon rubbers 
are the only available materials which would 
pass this test. 


The Tefiton and Kel-F material evaluated are 


unsatisfactory in rain erosion resistance, and - 


the silicone rubbers, while they appear promis- 
ing, have never been completely evaluated, due 
to their extremely poor adhesion to other ma- 
‘erials, The Kel-F materials are relatively 
hard and inelastic, and, although good adhesion 
to the plastic laminate specimen has been ob- 
tained, they erode rapidly in times of less than 
10 minutes at 500 miles per hour through 1-inch 
per hour of simulated rainfall, 


The Lactoprene coatings were concentrated 
upon, since they were con-idered to be the most 
promising materials after . ~osure to 500° F. 
To date, while they show excellent heat resis- 
tance, they have uot come close to reaching the 
excellent erosion resistance of neoprenes when 
neoprenes are tested with no exposure to ele- 
vated temperavures, A major problem is that of 
obtaining adeouate adhesion. This aspect of the 
problem has not been completely solved. The 
material itself is also basically not as resilient 
and flexible as the approved neoprene. 


The best of the Lactoprene coatings developed 
to date have lasted only 10 to 15 minutes after 
exposure to 500° F for 1/2 hour. These coatings 
have lastedas long as 30 minutea in rain erosion 
resistance with no exposure to elevated tem- 
peratures, 


The work at Goodyear has been completed 
‘with no further improvement of the rain erosion 
resistance of the Lactoprene type coatings. 
Presently Cornell Aeronautical Laboratory is 
conducting a complete evaluation of the rain 
erosicn properties of the Goodyear R-12 x 
4-239, which is the most successful Lactoprene 
developed by Goodyear. 


The one-half hour at 500° F requirement for 
heat resistant rain erosion coatings was an 
arbitrary choice, and coating materials which 
have possibilities for application at temperatures 
lower than 500° F were evaluated. Hypalon 


coatings, which are chlorosulfonated poly- 


ethylene elastomers manufactured by the DuPorit 
Company fit in this catagory, “ 


a“ 


Several Hypalon coatings with pofeat exposure, 
were evaluated at 500 miles-per hour in l-inch 
per hour rainfall; these’ were Gates XP-104, 
DuPont epoxy Hypaleid’ A-2205A, and Goodyear 
R14L-23-495. None of these materials had. 
promising rain erosion properties. Erosion 
was initiated after a few minutes exposure and 
progressed rapidly after initiation of damage. 


hi general, the Hypalong tested, while flexible, 


“ do not possess much resiliency. 
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T-11. Gates Engineering Company Program 


Gates Engineering Company is presently under 
Air Force contract, working on the development 
of a white, thermally reflective rain erosion 
coating. The target properties for the coating 
are that it will be as satisfactory as the approved 
neoprenes in all properties and will, in addi- 
tion, possess an average 85-percent therma! 
reflectivity in the range of 0.4 to 2 microns. 
Two other items included in this work, once 
the coating has been developed or concurrent 
with the above item are: (1) antistatic white 
which will possess surface resistivity properties 
of 0,5-15 megohms/square inch; and (2) better 
heat resistant properties than the approved neo- 
prenes (at least 100 hours at 400° F), In sum- 
mation, the overall program calls for develop- 
ment of a thermally reflective, antistatic, heat 


resistant rain erosion coating. 





Initial work has beenthe development of a plain 
white, thermally reflective coating, Initial phy- 
siesl sroperty, pecl, and reflectivity teats are 
conducted by Gates and the most promising ma- 
terialsare forwarded to Cornell for rain erosion 
evaluation, Based on satisfactory data belng 
obtained, electrical transmission and surface 
resistivity tests would then be conducted. 


The materials evaluated by Cornell to date 
have been white pigmented neoprene, Hypalon, 
polyacrylic rubber, and combinations of these 
materials applied over various primers and tie 
cements. All tests were conducted at the stand- 
ard condition of 500 miles per hour and J-inch 
per hour rainfall on the rain erosion tester at 
Cornell. 


The most satisfactory white erosion coating 
evaluated to date has been K-223-A, which lasted 
76 minuies befure 4 hule eruded through the il- 
mil film to the laminate, This system is a white 
neoprene topcoat utilizing Gates fillers, tie- 
coals, and primer. 


This type of material almost meets all the 
minimum target requirements. Thermal re- 
flectivity evaluations will be conducted, as well 
as further rain erosion and electrical property 
evaluations, 


By the use of ionizable agents in conjunction 
with white neoprene coatings, it is anticipated 
that the antistatic requirements can be met, 
This work ip in progress; it is hoped that the 
coatings will be developed in the near future. 


SECTION D, MECHANISM OF RAIN EROSION 


7-12, General Subsonic Investigation 

The purpose of the work being conducted py 
the National Bureau of Standards under Air 
F «e contract is to develop an viderstanding 
of we actual mechanism of rain erosion, Such 
an understanding would then aid in the develop- 
ment of more satisfactory rain-erosion resis- 
tant plastic materials for subsonic and super~ 
sonic speeds. The initial part of the work was 
largely concentrated on subsonic speed inves~ 
tigations. 


The destructive force causing rain erosion 
results from the collision of the solid surface 
with the waterdrop at high impact velocities, 
The waterdrop acts as though it were a hard 
sphere, but unlike a sphere »f hard material it 
undergoes an outward radial flow of very high 
velocity as a result of the collision, 


An equation for the magnitude of the pressure, 
P, developed in collision of waterdrops against 
solid surfaces is: 


p-2 Ce Vo. 7 
Zz 1 aCy (7-1) 
* aca 


where 


a = coefficient which gives, onthe average, 
the fraction of the advance velocity of 
the fast moving surface which is im- 
pacted by the water molecules; 


C= velocity of the compressional wave in 
water (5,000 feet per second); 


p = density of water; 


Vo = vertical velocity of massive fast mov- 
ing surface; 


C' = speed of the compressional wave; 


e' = density of the striking surface, 


The impact pressure between a flat surface 
and jet of water struck from the side has been 
determined, using a piezoelectric gauge. The 
pressure developed when a flat solid surface 
strikes a cylindrical water surfare should be 
between that developed when it strikes a flat 
water surface and that resulting from striking a 
aspherical water surface. For a velocity of 35 
meters per second, the piezovlectric pressure 
recorded was 310 kilograms per square centl- 
meter, Using Doctor Engel’s equation above, a 
pressure of 245 kilograms per square centi- 
meter was predicted, assuming«to be about 
0,09. Assuming a flat water surface a pressure 
of 490 kilograms per square centimeter, was 
predicted. Therefore substantiation of the as- 
sumptions for Equation (7#1) and of Doctor 
Engel’s equation itself was obtained. The pres- 
Sure estimated for neoprene rubber rain erosion 
coatings at V, = 600 miles per hourand ¢ us 
assumed unity is 20,000 pounds per square 
inch. This suggests that the success of neoprene 
in reducing rain erosion on the leading edge of 
aircraft is not wholly explained by diminution 
of the pressure on the surface. Other factors, 
such as extent of elongation at break or attenua- 
tion on passing through the material have a 
definite bearing. 





Another ‘mportant factor is the radial flow of 
a waterdrop when it impinges on a solid sur- 
face. This flow haa been mapped chemically by 
use of a very small crystal fragment of sodium 
dichromate iugerted into the bottom surface of 
the droplet just before it left the dropping pipette. 
The droplet, when impinged on filter paper that 
was wet with acidified starch and potassium 
{odide solutions, gave a print of the wash of the 
drop. The waterdrops are actually deformed 
very slightly before they enter into radial flow. 
This drop deformation is a vital factor in the 


_erosion process, and tends to tear rubber and 
elastomeric coatings free from the laminate, 


especially when impact occurs over a surface 
depression, Radial flow of a water sphere when 
a surface is moving at a relative velocity of 600 
miles per hour is about 1,400 miles per hour 
at the instant of impact, 


Erosion is thought to occur first at weak spots 
on the surface of the specimen being tested, 
First damage sites are either points where 
pressure multiplication takes place or where 
weak spots are located in the material. Micro~ 
scopic pits act as pressure multiplying centers 
that can multiply the pressure by a factor of 4 
or 5 or evenmore. Acomparison has been made 
between the erosion process of brittle materials 
of low tensile strength, such as methyl metha- 
crylate, and metal materials which have high 
tensile strength.!0 This was done by use of 
firing projectiles of steel spheres and deform- 
ing lead pellets from a .22 caliber gun. Radial 
cracking of the methyl methacrylate was noted 
for the impacts of steel spheres but not the 
deforming lead pellets, The impact sites on 
Lucite were compared, using the deforming 
lead pellets and water impacts obtained with the 
rotary arm tested at Cornell, It was detormiued 
that the mechanics of damage were identical, 
the only difference being of degree, 


Metals which have high tensile strength also 
erode and fail, due to the imipact of water drop- 
lets. This failure cannot be attributed to impact 
pressures alone. Pits on the surface of the metals 
act as pressure raisers of sufficient magnitude 
to cause erosion damage. Polished metal sur- 
faces are more erosion resistant to water impact 
Stress then unpolished surfaces, Even the po- 
lished surfaces, however, erode eventually, in- 
dicating that surfaces, no matter how highly 
polished, develop pits which then serve as 
pressure raisers. 


Tests indicate that there are two possible types 
of materials which are rain erosion resistant, 
These are soft, very resilient substances, such 
as neoprene, and very hard materials such as 
glass and ceramics. A very resilient rubber 
may be depressed repeatedly by waterdrop im- 


pacte without cracking. An extremely hard sub- 
stance doesnot crack because it does not undergo 
any depression at all under water impacts. 


Rubber type materials however, have definite 
resilience, In the event thatthe rubber is 


* Yoaded at an extremely high rate, ft acts as a 


hard material, since it does not have a chance 
to recover, Very hard materials have definite 
application at very high speeds. This is borne 
out by the supersonic rain érosion test data 
where ceramic materials far surpass neoprene 
coatings in supersonic rain erosion resistance. 


7-13. Cavitation Effect on Initiation of Rain 
Erosion 


Cavitation wag investigated to determine if it 
occurs at the impact of a drop ona solid sur- 
face, This study has special application to hard 
surfaces which do not depress under water 
blows. It was considered that cavitation might 
be a source for the first surface roughening 
which leads to pit formation and then to pres- 
sure raising possibilities,2,6 


A 42-foot tube was used, so that droplets could 
be dropped onto a glass impact plane, Fastax 
cameras took photogrea of the collisions, and 
an attempt wag made .o discern if a pressure 
reduction occurred in the center of the radial 
wash in its last stages of flow «after impact. 
This would cause the pressure to fall below the 
vapor pressure of water, and cavitation might 
then occur in the center of the wash. 


Evidence was obtained which indicates that 
cavitation does occur but further tests are 
needed to substantiate the fact and to determine 
its influence in the erosion process. 


Schleiren photography wag utilized to study the 
impacts of water droplets, Water saturated with 
argon gas was used so that bubble formation 
would be different from that of plain water and 
so one could definitely identify the small white 
spots noted as bubbles. Bubbles were noted in 
these tests, indicating the possible existence of 
cavitation, 


The terminal velocity of the waterdrop used 
in all these tests was 26.9 feet per second, It 
is highly possible that cavitation would be more 
evident if droplet velocities of 880 feet per 
second (600 miles per hour) were investigated. 
This phase of the work has not been initiated as 
yet becxuse of the unsuitability of equipment to 
accelerate droplets to these speeds, 


The recent work on mechanism df rain ero- 


sion has been concentrated on the supersonic 
area.il, 12, 13, 14 





7-14, Mecharism of Supersonic Rain Erosion 


An investigation wag initiated to determine the 
possibility of utilizing impacts of drops of high 
density materials at low velocity to simulate 
damage produced by waterdrops at high veloci- 
si¢5. Tie prubiem was to determine the velocity 
that the heavy metal drops must have to produce 
the same amount of damage that would be pro- 
duced by waterdrops at some specified higher 
velocity. 


This work hag been done by National Bureau 
of Standards and supported by Convair. 


The equation developed for predicting damage 
resulting froma liguid drop impacting a surface 
ig: 





ncH (ety on 
M Ss. 8 
where 

C = proportionality constant; 

«’ = damage parameter; 

d = drop diameter; 

6 = drop density; 

Vo = velocity of impact; . 

a = drop viscosity; 

85 = ghear strength of surface; and 


wo 


4 = tensile strength of surface 


Captured Projectile Tests, Tests were con- 
ducted af Convair utilizing the rotating arm for 


velocities of impact less than 000 feet per sec- 
ond while tests at higher velocities, upto 2,600 
feet per second, were conducted using the 
“captured projectile’ test apparatus. 


The captured projectile test method involves 
the use of a smooth bore, 20-millimeter cannon, 
which has adapted to it, 100 feet of heavy wall 
tubing of similar bore diameter. The first 20 
feet of tubing, after leaving the gun barrel, is 
perforated with a pattern of diametrically op- 
posed holes to permit the escape of propulaive 
gases and to allow introduction of liquid drops 
in the path of the projectile. After passing 
through the perforated section, the projectile 
enters the closedtube, which is "plugged" near 
the discharge end, Air in the tube is com- 


347 


pressed, decelerating the projectile to zero 
forward velocity, at which time the pressure 
buildup is sufficicnt to eject the plug, to release 
the pressure, and thereby to cause the test 
specimen to remain captured in the tube, 
Liquid drop Size ia accuratoly controlled and 
metered. Velocity is measured by means of an 
electronic timer. The drop size was determined 
by the sizeof the hole and shape of the exit sur- 
face of a removable dripper insert, as well as 
by the head of the high-density liquid in the con- 
tainer, Each particular dripper ingert was cal- 
ibrated by catching a known number of drops on 
a watch glasa of oil which had previoualy been 
weighed, This allowed a check of liquid head 
versus drop diameter. By reweighing, the drop 
diameter average is ascertained, Droplets of 
mercury, ranging in size from 0.7 to 2.9 milli-~ 
meters, were used succegsfully as the high- 
density liquid, 


Tests were conducted using 1,0-, 1,5-, 1.96-, 
and 2.85-millimeter mercury drops on lead 
annealed at 400° F and furnace cooled: using 
1,0-, 1.5+, 1,98-millimeter drops on 28 alumi- 
num annealed at 800° F and furnace cooled; and 
using 1,0- and 1,5-millimeter drops on elec~ 
trolytically pure copper annealed at 1,i00° F 
and furnace cooled. 


Figures 7-9, 7-10, and 7-11 are plots of 
damage depths versus velocity, and Figures 
%=12, 7-13, and 7-14 show a comparison of 
damage diameter versus velocity. These curves 
indicatea difference in slope between aluminum 
and the lead and copper materials, Inspection 
of the damage marks indicated that the surface 
damage diameter is larger than any other 
damage diameter, The aluminum, however, at 
velocities greater than 800 feet per second, has 
a "ballooning "action where most of the damage 
occurs below the surface. 


Vaiues of C were calculated, ag in Equation 
(7-2), using the surface damage area as equal 
toe’ and then, in an effort to make C more 
nearly constant, various combinations of sur- 
face damage diameter (de), damage depth (dg), 
and damage volume (Vq), were used as damage 
parameters, Of all damage parameters used, 
«' = da de has proven the most satisfactory. 
Figures 7-15 and 7-16 illustrate the use of 
damage diameter and of dc, dg for the damage 
parameters, There is no theoretical basis for 
this — it is based strictly on experimental data, 


Similar tests using waterdrops approximately 
2 millimeters in diameter were conducted to 
determine if "C" stayed within the same gen- 
eral range of 1 x 10°9 to 9 x 10-9, This was 
established, and ts shown by Figure 717, 
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Figure 7-9. Damage Depth Versus Impect Velocity = 2S Aluminum Specimens, Mereury Drops 
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Figure 7-10, Damage Depth Versus Impact Velocity = 
Leed Specimen, Mercury Drops 


Doctor Engel’s equation was developed with the 
restriction that itapplied to draps2 millimeters 
in diameter or larger, This is substantiated but 
f is considered to be of value even for smaller 

rops. 


7-15, Effect of Shock Wave on Supersonic Rain 


Erosion 


There has been some thought that objecte 
traveling at supersonic speeds would not be 
subject to rain erosion damage because the 
shock wave would cause a breakup of the water 
droplets before impact could occur.!5 4 study 
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waa conducted on thisaspect by National Bureau 
of Standards, If the leading edge is a sharp 
point, the shock wave is attached to it; if the 
leading edge is blunt, the shock wave is detached 
and is separated from the leading surface of the 
object by a zone in whichair is moving ahead of 
the object, 


The width of the zone by which the detached 
shock wave is separated from the object de- 
pends on the radius of curvature of the object 
and the velocity at which it is moving. The 
widthof a zone of separation behind the detached 
shock wave that precedes a sphere 2 feet in 
diameter moving at 1,7 Mach is 0.276 feet, If 
the shock wave preceding this sphere should 
move into the space occupied by a relatively 
stationary waterdrop, the time that would 
elapse from the instant the shock passed the 
waterdrop until the waterdrop waa struck by 
the 2-foot sphere would be 144 microseconds, 
This is the time during which atomization would 
have to occur to be of significance to the ero- 
sion problem of objects of this size moving at 
Mach 1.7 velocity. For objects less than 2 feet 
in diameter, the time would be even less. 


Shock tube apparatus at the Naval Ordnance 
Laboratory waa utilized to conduct tests on the 
effect of a supersonic stream of air on a 
stationary droplet. High speed photography was 
utilized to analyze the effect at time intervals 
starting at 10 microseconds until the waterdrop 
broke up, Pictures and data were obtained at 
Mach 1,3, 1.5, and 1,7, The resulta of this 





program have clearly indicated that, at these 
speeds, the waterdrop definitely does break up, 
due to the infiuence of the shock wave. However, 
the time for breakup is much too great, and the 
solid object would impact the drop before any 
breakup could occur. This has been substan- 
tiated by Falcon flight testa and rocket sled 
tests onfull scale radomes at Mach 2.6 and 2.0, 
respectively, It is planned to continue this in- 
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vestigation at higher Mach numbers, using new 
apparatus. 


Similar conclusions were reached by Seidl of 
Boeing Airplane Company using high-speed 
photographs of the effects of the bow-wave of 
60-caliber and hehe |} gun projectiles upon 
simulated rain drops. 
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Figure 7-11, Damage Depth Versua Impact Velocity ~ Copper Specimens, Mercury Drops 
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Figure 7-12, Damage Diameter Versus Impact Velocity « 
Lead Specimens, Mercury Drops 
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Figure 7-13, Domaye Diameter Versus Impact Velocity = 
2S Aluminum Specimens, Mercury Drops 





velocity (ft/sec) 


velocity (ft/sec} 





2 3 4 567890 1g 
damage diameter (inches x /072) 


Figure 7-14. Damage Diemeter Verave Impact Velocity = 
Copper Specimens, Mercury Drops 
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Figure 7-15, Reletion Between ''C" of Equetion (7-2) and Impect Velocity = 
2S Aluminum end Lead, Mereury Drops 
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Figure 7-16, Relation Between ‘‘C'' and impact Velocity, Based on Product of Damage Depth and Dumage Diameter 
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Figure 7-17, ‘'C'' Versus Velocity, for Woterdreps 2 Millimeters in Diameter and Mercury Drops 
1,98 Millimetera in Diameter 


SECTION E,. SUPERSONIC RAIN EROSION 


7-16, Test Methods 


Convair was issued an Air Force contract to 
develop a rain erosion test method which would 


evaluate plastic materials at supersonic 
speeds.16 


The three basic methods explored were (1) a 
ballistic method employing a projectile as a 
supersonic test vehicle; (2) a water droplet 


acceleration method; and (3) captive flight 
testing, utilizing a rocket sled and research 
track, 


Of the three methods of investigation, the 
dallistics type was the most completely de- 
veloped. With the installation of simulated 
rainfall, actual rain erosion tests were started, 
using a recoverable modified 20- millimeter 
projectile. Five major problems were involved. 


These were (1) external ballistics of the 
projectile, (2) timing fuse to effect separation, 
(3) separation charge, (4) specimen recovery 
parachutes, and (5) rainfall simulation. 


Due to the high cost of operation, the rocket 
sled phage of the investiontion was discontinued 
for materials evaluation, but is feasible and is 
continuing for final prooftesting of critical full- 
scale models. The water droplot acceleration 
method, which is the most desirable due to con- 
trolled test conditions and ease of cperation in 
the laboratory, and the ballistics test method 
were therefore investigated indetail by Convair. 


The water acceleration study dealt with the 
acceleration of water droplets up to Mach 2 and 
the inpinge mentof these droplets on a stationary 
plastic specimen. Attempts to accelerate drop- 
lets to Mach 2 by aerodynamic drag were un- 
successful, since a breakup into fine mist 
occurred instantaneously as the edge of the 
droplet touched the Mach 2 airstream. The 
droplet was entirely disintegrated before it 
could penetrate the airstream. Attempts were 
made to inject the liquid at a velocity equal to 
the air velocity so that this breakup would not 
occur. A Bausch diesel fuel injector was ad- 
justed to eject liquid under pressure through 
air orifices into a nearly complete vacuum to 
break up the stream into 2-millimeter drop- 
lets, Various atmospheres, from 0.20 to 0.40 
inch of mercury abgolute, were utilized and the 
shadowgraphs indicated some breakup of the 
water stream but no droplets were discernible, 
The aerodynamic drag of a 2-millimeter drop- 
let size was too great, and water droplets of 
this size were impossible to obtain; the water 
droplet acceleration method for obtaining 
supersonic rain erosion data was therefore dis- 
continued.? This left the bulk of the work on 
supersonic rain erosion to the ballistics test 
method, which was noticeably more successful. 
Most of the data has been obtained utilizing a 
20-millimeter cannon firing a plastic nose at 
speeds up to Mach 2.6 through cuntrolled simu- 
lated rainfall of 1.9-millimeter droplet size. 
The range utilized was a 500~foot path at the 
United States Navy’s Camp Elliot Annex, 


The Camp Elliot ballistic range is equipped 
with an engine-driven centrifugal pump capable 
of supplying 6,000 gallons per hour at a head of 
90 feet, delivers water from a portable 200- 
gallon water tank to the midpoint of the 500- 
foot exposure range pipe system. This system, 
supported on steel posta, includes 50 equally 
spaced No. 1/4 U-8060 Vee Jet spray nozzles 
elevated 45° above horizontal and flow-adjusted 


by means of individual stopcocks. Since the 
spray from each nozzle covers slightly more 
than 100 feet parallel to the pipe, continuous ex- 
posure is accomplished, except for a short gap 
at the midpoint of the range. The cannon is 
mounted to fire through an area where the 
average droplet diameter is 1.9 millimeters 
and the rain intensity is approximately 2 inches 
per hour. Results from each firing closely 
correspond to flight through 1,000 feet of 1.0- 
inch per hour rainfall.13 


The specimen is carried by a 20-millimeter 
TP M99 round modified to contain a fuse and 
compartment for the parachute and separation 
charge. Upon firing the shell, the trecer is 
ignited. It burns for a predetermined time in- 
terval sufficient to carry the projectile through 
the rain path and over the drop area, At this 
point the tracer or fuse, having burned through 
to a separation charge, cnuses the latter to 
ignite and expel the nose specimen which floats 
to the ground on a small parachute. 


Base and Transfer Hole. Fuse material near 
the metal wall of the fuse hole tends to chill and 
burn less readily. With a 59° (drill bit angle) 
fuse hole base, the fuse frequently stops burning 
before the black powder in the transfer hole is 
ignited, causing separation failure. To mini- 
mize this difficulty the base of the fuse hole is 
made flat, the transfer hole diameter is in- 
creased, and the transfer hole length is held to 
a minimum. The maximum transfer hole 
diameter is a function of the ability of the fuse 
material to resist being blown through the 
transfer hole by propelling pressures in the 
cannon. With a 19/864-inch fuse diameter and 
operation at Mach 2, the optimum transfer hole 
diameter for tracer fuses is approximately 0,09 
inch. Close tolerances between the specimen 
adapter and the projectile case prevent acciden- 
talopening of the parachute compartment during 
loading operations. 


Fuse. The major problem of the ballistics 
method was to obtain a reliable fuse. On bench 
tests and low speed tests nearly all types of 
fuses tested worked successfully. At high 
speed, however, only a few worked, and none 
seemed very reliable. The 20-millimeter 
igniter and tracer pellets held the most promise, 
although the percentage of separations was just 
slightly better than 50 percent. The tracer ma- 
terial was hard to ignite and the igniter ma- 
terial did not seem hot enough to ignite the 
separation charge; therefore, several mixtures 
were tried. The most reliable fuse consisted 
of four parts of tracer and one part of igniter 
material. The fuse consisted of approximately 
0.25 grams of the 4/1 tracer-igniter mix and 


one pellet of igniter. The pellet of igniter was 

placed on top of the mix and pressed at 60,000 

pounds per square inch. This fuse approached 
\ 100 percent reliability. 


Separation Charge. The separation charge 

: consists of 0.25 grams of black powder meal 

and v.85 grams of DuPont fffg grade powder. 

The powder meal is tamped into the transfer 

hole toassure ignition. By this method, separa~ 

\ tion has occurred every time the fuse has 
ignited. 


Five disks of Velumoid gasket material are 
fastened together to serve as a wad to hold the 
separation charge in place. This wad also 
serves as a piston to push the parachute and 
, Specimen out of the projectile while preventing 

the burning powder from igniting the parachute. 
: The parachute is wrapped in a metal foil liner 
; to protect the chute from burns. This also 
reduces the load on the parachute by delaying 
opening. 


Parachute and Specimen Adapter. The canopy 
t type parachute designed by Convair and made by 
4 the Prevost ¥. Smith Parachute Co. is being 
used. Thecanopiesare made of 2-ounce, cross- 
ribbednylon parachute cloth, and have eight 100 
-pound test shroud lines, each composed of four 
: 3-cord nylon treads. This parachute with a 4.5- 
) gram specimen, has a terminal velocity less 
than 10 feet per second. This type of parachute 
has been fired 4 or 6 times before replacement 
was necessary. The type of specimen adapter 

now being used is shown in Figure 7-18, 
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Figure 7-18 Spacimen Adopter, Scale 4:1 
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Figure 7-19. Test Specimen Configurations 


Velocity Measurement. The velocity of the 
specimena was carefully checked and found to 
be 2,260 feet per second from 10 to 30 feet in 
front of the gun. At 480 to 500 feet in front of 
the gun the velocity was found to be 1,870 feet 
per second. The speed was measured by a 
Berkely time interval counter. The targets 
were set 20 feet apart. The projectile started 
the timer by shorting two sheets of metal foil 
at the first target and stopped the timer by 
shorting two sheets of metal foil which inade up 
the second target. The elapsed time wag used 


- to determine the average speed. 
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Test and Results, The standard test used for 
evaluating plastic materials has been at Mach 
2 over a 600-foot path of simulated rainfall. 
The rainfall droplet size is held to 1.9 milli- 
meters. Materials are rated by distance 
traveled through l~inch per hour rainfall, at 
Mach 2. It has been determined by Convair that 
2-inch per hour rainfall for 500 feet will result 
in approximately the same number of impacts 
as 1-inch per hour for 1,000 feet. Therefore, 
all results specified will be in terms of distance 
traveled in l-inch per hour simulated rainfall 
with a 1.9-millimeter droplet size at Mach 2. 
This can also be related to time, since it takes 
approximately 1/4 second to traverse 500 feet 
at Mach 2. 


The standard 20-millimeter specimen has a 
0.19-inch nose radius, as indicated by Figure 
7-19. Flat plate specimen and 0.09-inch 
ceramic specimen configurations are alse 
illustrated. 


Test results obtained to date indicate that the 
approved neoprene coatings, which were the 
most satisfactory at subsonic speeds, do not 
provide sufficient rain erosion protection for 
reinforced plastics at supersonic speeds. They 
last for 2,000 feet through a i-inch per hour 
rainfall at Mach 2 before they are eroded and 
completely torn off. Typical polyester rein- 


forced plastics last for 1,000 feet in l-inch per 
hour rainfall with no protective coating. Bare 
epoxy type specimens, such as Epon 1001, will 
last for 3,000 to 4,000 feet before severe damage 
occurs, and even then the damage is not as 
severe as caused to the bare pclyester alter 
SUSE-GHO eRe e ene ee mee See co eeeton 
of the data being obtained on polyester versus 
epoxy resin reinforced plastics at subsonic 
spocds by Cornoll.13 


The mosterosion resistant material evaluated 
thus far has been a ceramic made by the 
Raytheon Corporation. The 97 percent Al203 
(alumina) specimen was a 30° cone with a 0.09- 
inch radius. In 37,600 feet of travel at-Mach 2 
in a 1-inch per hour rainfall, the specimen has 
exhibited no erosion. This also subatantiates 
the Cornell work, where ceramics and cerams 
have been outstanding. 


Based on the poor supersonic rain erosion 
properties of the plastic materials themselves, 
variations in configuration were attempted. 
This consisted of short, pointed, metal-tipped 
conical specimens utilizing approved neoprene 
coatings along the sides of the specimen. A 
30° cone (included angle) with Goodyear 23-58 
along the sides had the coating penetrated in 
43,500 to 66,000 feet of travel. These figures 
are for the ccating system applied to 24ST 
aluminum specimens. With a polyester laminate 
base material and metal cap, the maximum dis~ 
tance obtained in 30° specimens wos 18,000 feet. 
At this time the coating was deeply abraded but 
not penetrated. Failure of the laminate at the 
parachute attachment prohibited further 
testing.14 


Effect of Cone Angle. One of the studies 
undertaken was to elarmalae the effect of 
changing the cone angle with respect to the 
erosion rate. In changing from a 30° cone to a 
60° cone, the erosion rate was approximately 
doubled. This can be seen in Figure 7-20. For 
a 309 24ST aluminum cone with a Goodyear 23- 
56 coating, the specimen traveled through an 
equivalent distance through l-inch per hour 
rainfall of from 43,500 to 66,000 feet before the 
coating was penetrated. For the 60° cone with 
similar coating, the distance was reduced from 
24,000 to 27,000 feet before penetration of the 
coating. The 90° cone traveled from 12,000 to 
15,000 feet before penetration.14 


Effect of Velocity. A similar study was under- 
taken to determine the erosion rate.at various 
specimen velocities. Flat plate disks, 1/8-inch 
thick, of Epon 1001 reinforced laminate were 
used as test specimens. To erode through 80 
percent of the first layer of glass fiber it was 
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Figure 7-20. Included Cone Angle Versus Distance Through 
Equivalent l-inch Per Hour Rainfall far Penetration 


necessary for the specimens to travel through 
over 1,500 feet at 2,800 feet per second (Mach 
2,5), 6,000 feet at 2,240 feet per second (Mach 
2), and 12,000 feet at 1,700 feet per second 
(Mach 1.6). It appeara that in increasing the 
speedby )/2 Mach number the erosion rate was 
approximately doubled, Figure 7-21 is a curve 
of these results, 


§7-Millimeter Tests, One of the most severe 


drawbacks to the 20-millimeter test procedure 
is the small size of the test specimens. This 
has caused difficulty in fabricating and coating 
the specimens properly and algo in evaluating 
the rain erosion damage incurred in the test 
firings. 


Therefore, a §7~millimeter cannon has been 
obtained and installed at the Camp Elliot test 
range. The recovery method is basically the 
same. Stronger parachutes have been designed 
and evaluated. Preliminary firings have been 
conducted and recovery techniques and fusing 
problems solved, 


This cannon is presently ready for use. A 
Program will be initiated immediately to evalu- 
ate typical plastic materials such as polyester, 
phenolic, epoxy resin-glass laminates. These 
will be evaluated with and without coatings and 
with and without metal caps. A standard 57- 
millimeter test specimen has been designed; it 
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Figure 7-21, Mach Number Versus Distance Troveled 
Through Equivelent l-inch Per Hour Rainiell for 
Erosion Through 80 Percent of First Layer 


is iliustrated in Figure 7-22, Ceramic and 
ceram 67-millimeter specimens will be fabri- 
cated, and will be evaluated at supersonic 
speeds. These will include all available 
ceramics and new ceramic materials devel- 
oped for superior rain erosion resistance 
properties. 


The rain erosiontest range has been improved 
and expanded to 1,500 feet, which will supply 6- 
inch per hour rainfajl. This will make one 
firing through this range equivalent to 9,000 feet 
of travel through l-inch per hour rainfall or the 
equivalent of 4 1/2 seconds of exposure at Mach 
2 through a 1-inch per hour rainfall. The rain- 
fall issues from spray nozzles mounted 15 feet 
above ground level and directly over the pro- 
jectile path. The width of the spray will be 
enough to prevent the wind from shifting the 
entire spray out of the trajectory of the pro- 
jectile. Supply water will be pumped from a 
water main in Murphy Canyon to the storage 
tanks at the range. This will alleviate the 
water shortage problem prevalent in the 500- 
foot facility. 


Rainfall Intensity. An important aspect of 
high~speed rain erosion studies is the simula- 
tion of the parameters of the actual rainfall. 
The most important parameter is tho rain in- 
tensity, which is simulated by using the para- 


meter water content per unit volume in place of 


inches per hour rainfall. The rain intensity is 
defined in greater detail by specifying size and 
percentage distribution of various drop dia- 
meters. In conducting the water content survey, 
two separate analyses are required, drop size 
distribution and total water content. Water- 
drups are captured ina pan of oi] and the total 
drop number per unit area is determined. The 
oil pan utilizes 1/8 inch of motor oil and over 
1/8 inch of silicone oil. Actual-size pictures 
indicate the drop count and size determination 
by use of a comparator, Checks can be made by 
catching 5 to 10 drops in a small dish of oil, 
which ure estimated for size visually and then 
accurately weighed in an analytical balance. 
The resultant average diameter has checked out 
extremely closely for both methods.!4 


The total amount of free water per cubic 
volume is determined by means of a collection 
bottle attached to the end of a rotating arm. The 
arm is rotated by an electric motor which also 
actuates a revolutioncounter. The apparatus is 
set up in the rain area and is rotated for 
approximately one minute. The collection 
bottle is removed and weighed. Then, knowing 
the area traversed by the sampling container, 
the number of revolutions, the frontal or cap- 
ture area of the sampler, and the net weight of 
water, it is possible to determine the volumetric 
water content, From this information the num- 
ber of drop impacts can be determined along 
with the drop sizes. 


718. Rocket Sled Test Method 
The use of a rocket sled at Convair to propel 


a full-scale radome through simulated rainfall 
was planned to evaluate radomes and radome 
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Figure 7-22. 57-Millimeter Rain Eresion Tevt Specimen 








materials. The object is to determine that the 
results obtained by the ballistic method on 
small-scale projectiles are applicable to full- 
scale flight, and to accumulate supersonic rain 
erosion data on the full-scale radome. 


Sled Deiailo, Tue Nuriisop Aircraft Cum- 
pany built a rocket sled to carry a full-scale 
Isomarc and a multiple arrangement of Falcon 
Fradumes at speeds of Mach 2 through simula- 
ted rainfall. This test vehicle was designed to 
operate on the 10,000 foot Edwards Air Force 
Base high-speed experimental track, A 
sprinkler system was installed to supply a sim- 
ulated rainfall between 3,800 feet and 5,000 feet 
along the track. The rainfall rate at the radome 
center lve was 4.3 inches per hour; all drops 
were 1.9 millimeter in diameter. 


The completed rocket sled was designed to 
attain the maximum velocity of Mach 2.0, using 
V4 rockets (solid propellant) with a rated thrust 
of 11,000 pounds each. A pusher sled mounting 
five identical rockets was available for initial 
acceleration. The rocket Sled weight was 1,191 
pnuunds without the ruckets, but with the instru- 
mentation and the Bomarc radome. 


The first firing of the sled carrying the 
Bomarc radome attained ~ maximum velocity 
of 1,022 feet per second through the rainfall and 
was a successful checkout run. 


The second run, at a speed of Mach 1.2, re- 
sulted in the sled flying off the track at station 
4200 at a velocity of 1,490 feet per second, due 
to failure of the slippers, which were made of 
75ST aluminum. 


Convair designed and fabricated the seconu 
rocket sled and pusher combination. The sled 
was designed for light-weight (300 pounds) 
presentation of minimum drag area, and mini- 
mum horizontal plate area at track level. 


A group of twelve rockets of 11,000-pound 
thrust, which burn for only 2.2 seconds, are 
necessary for the acceleration of the Bomarc 
radome to Mach 2.0. Each rocket contains 142 
pounds of solid propellant. Seven of the rockets 
are on the sled and five are ona pusher sled. 
The pusher sled accelerates the test unit toa 
speed of more tian 620 miles per hour on the 
first 950 feet of track. The rockets on the sled 
are fired automatically at this point and the sied 
paeae away ‘rom the pusher with a farce 
of 25 G, 


The firing device for the sled is a bronze 
screon between the track, which, when cut by 
two knives mounted on the sled, shoots a 600- 
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volt current into the igniters on the bottles. The 
four slippers are made of steel, lined with 
stainless steel inserts which ride on top and 
underneath the rail flange. They are red hot 
during the runs, and reach iemperatures of 
1,500° F. The inserts usually last four runs. 
Telemeiersing equipment is built intu of incles 
of the sied frame, which is made up cf three 
curbed and welded 5 1/2-inch diameter steel 
tubes, wilh a wail thickness of aboul 3/16 inch. 
Accelerometers are used to measure vertical, 
lateral, and longitudinal acceleration through- 
out the run. The Bendix accelerometers send 
the information to a recording center. 


Sled speed is measured by a magnet on the 
frame passing over coils located at intervals 
along the track. Recording oscillographs 
measure the speed of the sled by registering 
time intervals between 50~-foot lengths of track 
to within 0.0001 second. 


A-standard water trough at the end of the rack 
(water brake) is used to decelerate the sled, A 
water scoop is built below the sled frame. The 
frame is curved back over the twin rear 
slippers, channeling water up out of the trough, 
turning it through 160°, then discharging it out 
both sides at the rear. The sled is thus stopped 
by momentum transfer. The water trough is 
2,000 feet long and the track slopes down to 
permit the scoop to enier the water gradually. 


Test Runs. Three successful runs were con- 
ducted utilizing this sled carrying the Bomarc 
radome through the simulated rainfall. They 
were at average speeds of Mach 1.25, 1.35, and 
1.67 through the 1,200-foot simulated rainfall 
path. The Bomarc radome had a metal nose cap 
with an epoxide Epon 1001 plug in the center of 
the nose and was uncoated along the sides. After 
the Mach 1.67 run, severe delamination was 
noted, and on the front portion of the radome 
just to the rear of the metal cap the epoxide 
plug had become seriously delaminated. The 
sides of the radome, while exhibiting evidence 
of droplet impacts, were not seriously eroded. 


A successful Mach 2 rocket sled run wag 
made on 25 April 1956, at Edwards Air Force, 
Base, carrying a full-scale Bomarc radome. 
The sled achieved a velocity of Mach 2.023 
(1,560 miles per hour) which is a world’s 
speed record for recoverable sleds. Up to this 
time, the maximum recoverable sled velocities 
which had been attained were 1,280 miles per 
hour, 


The sled was fired through the 1,200 feet of 
simuJated rainfall on the 10,000-foot high-speed 
experimental track. The water range had a 
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water content of 0.25 gram per cubic foot, 
which is analagnua toa natural rainfall rate of 
8 inches per hour with a 1.9 millimeter drop- 
let size. This rainfall path is equivalent to 
16,800 feet of 1-inech ner hour rainfall, 


Twelve rockets developing a thrust of 132,000 
pounds were utilized to accelerate the 800-pound 
sled to Mach 2. A 2,000-foot brake, which 
starts at station 8000, was used to decelorate 
the sled, whichcame to a halt 200 feet from the 
end of the track. 


The Bomare radome is made with Vibrin 135 
heat-resistant polyester resin, and is approxi- 
mately 0.3 inca thick. A metal cap which can 
hold a emall plug was located oa the nose end 
of the radome. The plug was an Epon 100) 
resin-glass cylindrical plug that had been ex- 
posed to the three previous checkout runs at 
Mach 1.25, 1.35, and 1.67 through simulated 
rainfall, The entire Bomarc radome, from the 
metal cap back, was coated with MIL-C-7439B 
approved Goodyear 23-56 rain erosion coating 
system. 


Test Results. Severe rain erosion damage re- 
sulted after this one-second run through the 
simulated rainfall. The coating was peeled 
back and the laminate delaminated through four 
to five plies at least one foot back on the radome 
from the metal cap, The metal cap also showed 
indentions from the impact of the rain drops, 
and the Epon 1001 plug waa seriously eroded. 


The sides of the radome back from the eroded 
area were not eroded through the coating, al- 
though the droplet impact marks could easily 
be ceen. uc Re . 

It is planned: to fire this radome at least 
twice more to ascertain whether damage will 
occur to the sides of the radome on extended 
. exposure to rain at Mach 2. A metal cap will 
be fabricated to replace the eroded portion of 
the radome which will be cut off, 


The results obtained to date indicate that the 
Bomare radome, after a 1-second exposure to 
8-inches per hour rainfall, will suffer severe 
rain erosion damage with the use of the present 
metal cap and radome design. This indicates a 
possible problem area for the present Bomarc 
radome configurat‘on on flights through rain. 


Immediately after completion of the Bomarc 
testing the Falcon program will be initiated, 
Hughes, Convair and Edwards Air Force Base 
are presently coordinating on the design of the 
Falcon radome and specimen adapter for these 
tests. 
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7-19. Army Ordnance 57-Millimeter Progran 


A program at Edgewood Arsenal under Army 
Ordnance supervision was sponsored by the Air 
Force to obtain further data on the phenomena 
of rain erosion at supersonic speeds through 
rainfalt.17 


Test Details. Shells witha solid plastic nose 
section, as shown in figure 7-23, were fired 
vertically at initial velocities of Mach 2.0 and 
2.75 through natural rainfall. The shells, due 
to @ weighted base, return to earth tail first and 
are buried in the ground with relatively no 
damage to the plastic nose section. Afte: re- 
covery, the materials are examined for erosion 
damage. 


The plastics were fabricated by Cornell Aero- 
nautical Laboratory and have a 1/4-inch radius. 
Specimens were molded of giass-reinforced 


polyester resin, reinforced heat resistant 
resins, and a= reinforced alkyd molding 
compound, Part of the specimens were dip 


coated with approved neoprene rain erosion 
coatings meeting the requirements af MIL-C- 
7439B. Heat resistant lactoprene type coatings 
developed by Goodyear Tire and Rubber Com- 
pany were also evaluated. ; 


The 57-millimeter gun at Edgewood Arsenal 
was standardized by firing a series of pro- 
jectiles, using aluminum ogive noses of the 
approximate weight and design as the test 
specimens. A potter's type counter chronograph 
was used to time the projectiles and, by ex- 
periment, the amount of propellant required to 
obtain the desired velocities was determined. 
Approximately 26 ounces of M-1 propellant are 
needed to reach a muzzle velocity of Mach 2.0 
and 38 ounces for Mach 2.75. Based on compu- 
tations, the velocity of the specimens fired at an 
initial value of Mach 2.0 drops off to 1.2 at 
6,500 feet. Similarly, the velocity drops from 
an initial Mach 2.75 to 1.82. 


The charged shell and projectile are loaded 
intoa §7-millimeter gun designed especially for 
these tests and fired nearly vertically (85 to 90° 
depending upon wind direction and velocity), The 
projectile rises 25,000 feet and requires 
approximately 80 seconds for a complete tra- 
jectory at Mach 2.0 and 93 to 95 seconds at 
Mach 2.75. The projectile falls tail first at 
close to 1,100 feet per second and ordinarily 
strikes the earth in a 1,200-foot square field 
marked in squares, about 100 feet from the gun 
station. Men in three towers snot the impact by 
sight and sound and then record the 100-foot 
square regions in whict the projectiles can be 
located. 





r 2 se BB 2 





threod a 
50-12 NF-1 t 


major «1.5000 min i 
pitch = 1.4459 + 0079 j 
minor #140986 + 0090 


Figure 7-23, Cross Section of Shell end Plastic Ogive 


The amount of rainfall during the test is meas- 
ured by volume and then converted to inches per 
hour. An 6-inch diameter glass funnel is held 
for 1 minute in the vicinity of the gun during 
each firing. The water flows into a graduated 
cylinder and the volume figure is converted into 
inches per hour. , 


A standard rain gage is also used when the 
tests last for extended periods. This is in 
addition to the volumetric method. This gage 
consists of an 8-inch diameter metal funnel 
which necks down to a tube approximately 3 
inches in diameter, and about 2 feet long. A 
ruje is inserted into the tube after a specified 
period and the water depth read off a calibrated 
scale, 


For this program, the height of the rain is 
assumed to extend to the top of the clouds. The 
altitude of the clouds is computed by the Friend- 
ship International Airport at Baltimore with a 
quadrant which measures the angle to the top of 
a beam of light. The cloud height determines 
the longth of the rain course and is used to de~ 
termine average velocities and time of flight 
through rain. 


The U. S. Department ci Commerce pamphlet 
called “Climatological Dats" gives a day-by- 
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day account of the amount of precipitation at a 
number of locations in the Edgewood Arsenal 
vicinity. During the summer months of 1953, 
rain occurred approximately 6 days per month 
with an average of 0.5 inch for each dey. In the 
winter months, rain also occurred 6 days por 
month but with an average of 0.6 inch per day. 
One of the major inadequacies of this type of 
test is that the program is dependent upon 
natural rainfall; also, the rain conditions are 
never uniform over an area and naturally vary 
from day to day. However, extremely useful 
data have been obtained from this program, 
which basically substantiates the Convair 
supersonic rain erosion test results obtained by 
a controlled uniform simulated rainfall. 


Test Results. Bare and coated reinforced 
polyester plastic specimens fabricated from 181 
Voian A glass cloth, with Selectron 5003 resin, 
were evaluated against 181 Volan A glass cloth 
with heat resistant Vibrin X-1068 resins. The 
approved neoprene coatings (Goodyear 23-56 and 
Gates N-79) were utilized. Also, 181 VolanA 
fabric, impregnated with Vibrin 135 and coated 
with Goodyear 23-56, and Goodyear Lactoprene 
R-12x4-239 materials were evaluated. Plaskon 
440A reinforced alkyd molding compound was 
also evaluated. 








The results obtained indicated that: 


a. ‘The coated and uncoated glass reiniorcea 
plastic laminates erode in rain at Mach 2.0 and 
2.75 after just one firing for rain exposures of 
2 and 1.5 seconds, respectively. 


b. The uncvated Selectron 5003 laminate 
specimens have slightly better rain erosion re- 
sistance at the supersonic velocities of Mach 
2,0 and Mach 2,75 than the uncoated, heat-cured 
Vibrin X-1068 laminate specimens. The 
erosion of both laminates is greater at Mach 
2.75 than 2.0. 


c. The rain erosion resistance of neoprene 
coatings of Goodyear 23-56 and Gates N-79 are 
very much alike at supersonic speeds. 


d. In these tests, the rain erosion of 10-mil 
coatings of Goodyear 23-66 and Gates N-79 
neoprene is negligible after 2 seconds at Mach 
2.0 in light rainfall. After 4 seconds, huwever, 
the coatings show increased pitting on the nose, 


e. When the velocity isincreased to Mach 2.75 
in 0.l-inch per hour rainfall the 10-mil 
neoprene coatings fall almost completely after 
1 1/2 seconds. The air-dried Goodyear 23-58 
coating was covered with small erosion pits on 
the sides of the ogive after exposure to rain at 
Mach 2.7. 


1, Goodyear 23-56 and Gates N-79, applied 
over the Vibrin X-1068 laminate specimens and 
baked for 10 minutes at 378° F, eroded ata 
slightly greater rate at supersonic speeds than 
the same coatings over Selectron 5003 lamin- 
ates that have not been baked. 


g. Thicker coatings of approved neoprene re- 
sist erosion better at supersonic speeds than 
10-mil coatings. The 10-mil coatings pitted 
heavily or eroded off the glass laminate speci- 
mens after 1 1/2 seconds, whereas the 20- and 
30-mil coatings showed only moderate pitting 
nfier 2 1/2 seconds at Mach 2.75. These tests 
were conducted through an avérage rainfall of 
0.15-inchper hour and through a 6,500-foot rain 
course. 
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h. The Goodyear Lactoprene coating R-12 x 
4~239 eroded much faster than the Goodyear 
23-56 and Gates N-79 neoprene coatings. The 
Lactoprene was pitted and the coating eroded 
through the nose at Mach 2, whereas the 10-mil 
coating neoprene materials showed only slight 
traces of erosion at this velocity, At Mach 
2.75 both Lactoprene and neoprene eroded badly. 


These results correlate closely with the Con- 
vair, supersonic rain erosion data and algo with 
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conclusions reached in the subsonic investiga- 
tion at Cornell. 


This program is still in progress. Further 
data should be available in the near future. 


1-20. Missile Radome Flight Test Program 


This program was initiated by the Hughes Air- 
craft Company to investigate the effect of rain 
on missiles on supersonic flights through rain- 
fall, utilizing full-scale radomes.! 


Test Details. The test vehicle utilized on this 
program was developed by the Lockheed Air- 
craft Corporation. It is capable of recovering 
the radome intact and allows for refiring if 
necessary. 


The testing was originally done at Holloman 
Air Development Center, but was transferred 
to Eglin Air Force Base, where the bulk of the 
rain erosion testing was accomplished, because 
it rains more often in Florida. Range facilities 
at Eglin are satisfactory. 


The flight time of the missile is adjusted for 
a trajectory which will land the nose section in 
anarea where it can be recovered easily. After 
the necessary flight time has been obtained 
(usually 11 seconds), a second motor is blown 
off and the missile tumbles for 3 seconds, at 
which time the parachute canister ig blown off 
and the chute opens. The parachute spikes are 
ejected after another 3 seconds and the missile 
is floated to the ground, where the spikes im- 
pinge. The spikes are in the rear of the missile 
and the nose section lands face up, 


The maximum speed capability of this test 
procedure is at present Mach 2,9 with a one- 
stage vehicle using a Deacon rocket motor. 


The rain intensity at the time of firing is 
measured by using tipping-bucket rain gages 
located along the flight path. These are used 
at the Eglin test site and are connected to a 
recorder at the launch site so that rainfall data 
throughout the flight path will be continuously 
available. These data are used in determining 
the time for initiating the firing, the time in 
rain fo. each firing, and the average rainfall 
encountered in flight. 


All test results were obtained on ground- 
launched test missiles launched at a 26° angle 
into a rainstorm. 


Test Flights. The first flight was made in July 
19654; the radome evaluated was hemispherical 
in shape constructed of 0.030-inch thick phenolic 


(CTL-81LD) laminate backed with a thermoset- 
ting tool plastic. It was launched into a very 


The radome was eroded through and stripped 
from the backing, about one-third of the tool 
plastic was also eroded. The average velocity 
of the test missile for the 12-second flight was 
Mach 1.6 and the maximum speed attained was 
Mach 2.6. 


A plastic radome was fabricated, utilizing a 
Diall 795B diallyl phthalate molding compound 
filled withOrlon fibera and loaded with titanium 
dioxide. It had a metal tip and was half coated 
with Gates N-79 approved neoprene coating. 
The other half was uncoated. The radome was 
ogival in shape and had a wall thickness of 
approximately 1/4 inch (half wave length). It 
was fired into an 0.1-inch per hour rainfall and 
succeasfully recovered. It attained a maximum 
velocity of Mach 2.6. This radome successfully 
withstood flight in rain, and there was little 


damage to the plastic, although the coated half 
peeled considerably. The metal cap, ogival in 
shape, utilized in this radome construction is 
the same type as that used on the metal-capped, 
conical-shaped specimens, which proved the 
moat rain erosion resistant type evaluated in 
the ballistics test. 


Subsequent tests utilizing this method have 
evaluated the Diall molding compounds with and 
without metal caps, When fired into light rain- 
fall, these radomes are not seriously damaged 
even with the metal tips for the short time 
duration of approximately 10 seconds which is 
involved, Mycalex type material, which has 
been evaluated at subsonic speed and found to 
be unsatisfactory, was also seriously eroded in 
the supersonic flight test program. Complete 
data on these tests are not, available at the 
veo time but should be available in the near 
uture. 


SECTION F. GENERAL SUMMARY 


Paragraphs 7-21 and 7-22 summarize the 
present approach to subsonic and supersonic 
rain problems, 


7-21, Subsonic Rain Erosion 


1, Theapproved coatings being applied to air- 
craft exterior plastic parta are relatively sat- 
lafactory in service at subsonic speeds. They 
provide adequate protection when properly 
applied in proper thickness to a structurally 
sound radome. New coating materials with 
promise, such as polyurethanes, will continue 
to be evaluated as possible equivalent or super- 
ior coating systems. 


2. Theuse of rain erosioncoatings over epoxy 
type laminates may provide increased rain 
erosion exposure capabilities, since epoxys have 
exhibited rain erosion properties much superior 
to polyesters. The support properties of the 
laminate must be udequate to insure proper 
coating performance. 


3. The neoprene coatings have unsatisfactory 
thermal reflection properties. A white rain 
erosion coating is being developed and results 
are anticipated in the near future. 


7-22. Supersonic Rain Erosion { 

1. The supersonic rain erosidn problem is 
much more acute then.the subsonic. The Con- 
vair ballistics test results have been corrobor- 
atéd by the rocket sled tests on full-scale ra- 
domes. The use of metal-tipped radomes with 
a small included angle, and of céramic with 
conical shapes, have been the most. successful 
means developed to date of obtaining more 
satisfactory rain erosion properties. Materials 
and configurations currently used onsubsonic 
aircraft are unsatisfactory at speeds of Mach 
2 and higher. It is considered that a solution 
to the problem will be a combination of im- 
proved materials and design techniques. 


2. The present supersoni* test apparatus is 
accumulating vitally needed data. However, 
this test is of short time duration, and exten- 
sive recovery and refiring is necessary to 
accumulate even short time exposures. A pro- 
gram has recently been initiated at Cornell 
Aeronautical Laboratory to determine the 
feasibility of utilizing a supersonic rotating arm 
for evaluation of radome materials for extended 
time periods at supersonic speeds. The avail- 
ability of such apparatus and the accumulation 
of more supersonic rain erosion teat data on all 
available materiais are necessary to provide a 
basis for future work by the Air Force on the 
development of supersonic rain erosion resis- 
tant materials. 
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ORGANIC MATERIALS AND RADOME 


CONSTRUCTIONS 


SECTION A. INTRODUCTION 


Radomes for aircraft have presented many 
difficult problems, both to the designer and 
materials engineers, due to the limitations of 
size, weight, eluctrical properties, and the 
great range of operating conditions encoun- 
tered, 


8-1, Design Problem 


The type of materials used in the fabrication 
of these rigid structural housings has been dic- 
tated by such factors as moisture absorption, 
mechanical strength, and electrical properties 
under extremes of temperatures ranging from 
~60 to 600° F, It is important to realize that 
airborne radar antenna housings are the result 
of 2 compromise among the radar, structures, 
materials, and pioduction engineers, for there 
is no magic material that will completely sat- 
isfy the requirements of each design group. 


The problem of designing a radome that is 
satisfactory from an aerodynamic, electrical, 
structural, and production standpoint has occu- 
pied the best research and development talent 
for the last decade, 


8-2. Radome Materials Development 


During World War Il, the first radomea were 
made from wood veneers impregnated and 
bonded together with phenolic resins to form 
ogive-shaped housings of plywood. This wood, 
with thin glue lines, had a low dielectric con- 
stant. It was soon found that, due to the high 
water absorption on exposure to rain, the di- 
electric constant increased to such a degree 
that they were unsatisfactory, This difficulty 
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was partially overcome by impregnating the 
veneer with the phenolic resin which was also 
used for bonding. This resulted In radomes 
that were satisfactory in that the water absorb- 
ed was reduced, but the dielectric constant was 
materially higher. Since the radome walls 
could not be made thinner, the radomes had 
rather high reflections. 


Polyfiber Radomes, A great amount of re~ 
search work vas carried out during this perind 
investigating various organic materials with 
low dielectric constants that could be fabri- 
cated into shapes that wero structurally satis- 
factory for airborne radomes, 


Late in 1942 Dow Chemical Company devel- . 
oped a process for extruding very fine poly- 
styrene fibers. These fibers were available in 
mats which could be compression molded with 
fairly low pressures and temperatures into a 
dense structural, low dielectric, material. 
This material was called Polyfiber, Labora- 
tory tests at M.LT. and production development 
work indicated that satisfactory radomes 
could be made from this material, Since this 
material could be molded under low-pressure 
conditions and had good electrical properties, 
Dow Chemical Company went into large-scale 
production to meet the requirements of the 
services for radomes, Manufacturing methods 
were improved, and a large numper of these 
Polyfiber radomes were produced, 


The optimum range of density was found to be 
between 50 and 56 pounds per cubic foot, This 
density gave a dielectric constant in the range 
of 2.1 to 2.5. At lower densities the fibers 


would not bond together properly, while at 
higher densities the radome housings were 
brittle with higher dielectric constants, 


In about 1944, the Bakelite Corporation de- 
vainned a aolvantless method for making a2 
similar polystyrene fiber. Both of these mate- 
rials were used in radome fabrication, 


The Polyfiber radomes had extremely low 
water absorption; however, their heat resist- 
ance was low, and some cases were reported of 
thermal collapse of nose-type radomes when 
exposed to the sun, In addition, these Polyfiber 
radomes, though structurally satisfactory at 
normal temperatures, were found to be rather 
brittle at low temperatures, and were also 
readily attacked by aromatic aviation fuels. 


Reinforced Plastic Radomes. The search for 
inorganic materials with satisfactory electrical 
properties was continued. Most of these mate- 
rials were plastic in nature, and in general 
they were not satisfactory because of their low 
mechanical strengths, which necessitated rela- 
tively thick-walled radomes with very high re- 
flections, 


It was about this time that woven glass cloth 
was used to strengthen the relatively weak 
thermosetting plastic materials. This was the 
forerunner of the currently used glass-rein- 
forced plastic radomes. Late in 1943, the use 
of various types of reinforcement for increas- 
ing the mechanical properties of the relatively 
weak plastic materials gained considerable in- 
terest, 


8-3. Types of Radome Construction 


In Chapters 2, 3, 4, and § various types of 
radome wall construction are described, pri- 
marily from an electrical point of view, These 
include: 


1. Solid homogeneous wall 
a. Thin 
b. Half-wave 
2. Sandwiches 
a. "A" Sandwich 
(1) Foam core 
(2) Honeycomb core 
(3) Fluted core 
b, "B" Sandwich 
c. Multiple wall or multiple sandwich, 


In many cases where tlie thin wall is not suf- 
ficient structurally and where a half-wave wall 
is too heavy, a sandwich is used to advantage. 
The relatively thin double or multiple skins are 
stabilized against buckling by a low density 
core which results ina light weight, mechani- 
cally strong and stiff structure. Tne foam-core 
type ''A" sandwich probably possesses the op- 
timum strength-to-weight ratio, Tooling for 
the honeycomb core is less expensive, but here 
thickness cannot be maintained as precisely, 
Fl.yed core sandwiches provide channels in 
which hot air is circulated for anti-icing, 


The solid type "B" sandwich is similar in 
structural properties to the solid half-wave 
wall except that it has a thin, solid core at the 
mechanical neutra] axis. The core has a rela- 
tively high dielectric constant. 


The multiple sandwich has a multiplicity of 
skins separated by low density cores. It may 
be considered as two or more "A" sandwiches 
with zero spacing between them. 


SECTION B, MATERIALS FOR RADOME CONSTRUCTION 


8-4; Classification of Plastics 


When considering organic materials for air- 
borne radome construction, necessity forces 
one into the use of plastics or slastomers, The 
elastomers, except for foamed core materials, 
are quickly ruled out because of their low mod- 
ulus of elasticity, which makes them structur- 
ally undesirable, 


The more rigid plastic materials can be 
classified into two general types, thermoplastic 
or thermosetting. 
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The thermoplastic or heat-softened inateri- 
ais, suchas methylmethacrylate or polystrene 
as mentioned previously, scon lost favor for 
airborne radomes, due to their extreme brit- 
tleness at temperatures of -20° F and loss of 
shape and strength at temperatures of 180° F, 


Thermosetting resins, including (1) phenolics, 
(2) melamines, (8) silicones, (4) polyesters, 
and (5) epoxies, have been used for radomes at 
various times. Each type offers a particular 
advantace and disadvantage and requires a 





specific range of temperatures and pressures, 
as well as catalysts to cure or harden them. 


The physical state of these uncured resing 
will vary from a low viscosity liquid to a solid. 
The solid resins generally have a higher mo- 
lecular weight than the Liquid resins. The solid 
resins can be made usable for radome fabri- 
cation by heating them above the melting point 
or dissolving them in a solvent or monomer. 
When this reduced resin is used, the solvent 
evaporates and the monomer enters into com- 
bination or copolymerizes with the solid por- 
tion of the resin upon hardening or curing. 


While it would be possible to cast small 
radomes from these thermosetting resins, they 
would not have satisfactory mechanical proper- 
tiles ifthe walls were thin enough to meet the 
electrical requirements, .In general these 
radomes cast from the thermosetting resins 
would be brittle and would tend to break or 
crack upon impact; however, they would not 
distort and lose shape upon exposure to 180° F, 
as would the radomes made from thermoplastic 
materials such as the Polyfiber previously 
mentioned, 


8-5. Laminates 


Previous research has established the fact 
that the physical properties, such ag tensile, 
flexural, and impact strength, can ke improved 
by the addition of reinforcing fibers, such as 
yarns or woven cloth, to the resinous materials, 


The combinations of resins with layers or 
laminae of fibers, yarns, or cloth are generally 
known as plastic laminates, The earliest com- 
mercially made examples were combinations of 
paper, linen, or cotton cloth impregnated with 
phenolic resins. It was soon found that the use 
of these cellulose materials ina laminate was 
undesirable for most radome applications, 
since the moisture absorption was relatively 
high, which resulted in unsatisfactory dielec- 
tric constants and loss tangents. In addition, 
the cotton or linen reinforcements impregnated 
with these early phenolic varnishes required 
from 1,000 to 10,000 pounds per square inch 
pressure for molding. This pressure made the 
molding of very large radomes impractical, 
These factors forced the design engineers to 
investigate other reinforcing materials. 


8-6, Glass Fibers 


About 1943 glass fibers became commercially 
available inthe form of yarns, strands, mats, 
and woven fabrics, Investigators soon found 
that, due to the particular characteristics of 
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giasa, the use of these forms of fibers as a re- 
inforcement for resins increased thetensUe, 
compressive, flexural, and impact strengths to 
a greater extent than organic fibers, In addi- 
tion, the water absorption of this glass-rein- 
forced laminate was usually less than 1 per- 
cent, 


Studies indicated that the glass fibers rein- 
forced the resins in much the same manner as 
steel rods reinforce concrete. The glass fila- 
ments could be placed in saveral directions to 
give a relatively isotropic material, or they 
could be placed in one direction to give very 
high strengths in one direction. 


The use of woven glass cloth laminated with a 
thermosetting resin has become an established 
material for aircraft radome construction. 


The thermosetting resins commonly used with 
glass fiber reinforcement for airborne radomes 
can be classified according to the pressure re- 
quired for molding. 


The use of high pressures for glass-rein- 
forced structural laminates has been restricted 
by the size of the radome and the fact that high 
molding pressure tends to crush the woven 
glass fibers, The contact, or low pressure 
molding resins, such as alkyd styrene or alkyd 
triallylcyanurate copolymers, diallylphthalate 
and epoxies, require from 0 to 15 pounds per 
square inch molding pressure, These resins 
are 100 percent reactive, and polymerize ty an 
addition reaction giving off no water or other 
volatile material, They can be polymerized at 
room temperatures with no heat, but are gen- 
erally cured at temperatures ranging from 120 
to 225° F, 


The low or medium pressure molding resins, 
used with glass fiber reinforcement such as the 
phenolics, melamines, and silicones, are usu- 
ally solids that are made liquid by the addition 
of a solvent such as toluol, alcohol, or water; 
they produce the best structural laminates with 
pressures ranging from 15 to 200 pounds per 
square inch, These resins all yield volatile 
byproducts upon polymerization and generally 
require temperatures above 300° F for hard- 
ening. 


8-7, Phenolic Resins 


Phenolic resins are prepared by the reaction 
of many different phenols, aldehydes, or ke- 
tones, and catalysts. The almost infinite num- 
ber of possible combinations allows for the 
Preparation of many different phenolic resins 
with various properties. 


In general, when phenol and formaldehyde are 
combined in the presence of an acid catalyst, 
they form resins which are soluble innaphtha or 
aromatic solvents, These resins are usually 
used in paints and varnishes, With an alkaline 
catalyst, however, these materials produce a 
resin which becomes insoluble and infusible 
when a two-stage cuemical reaction is carried 
out, This type of reaction is used in the pro- 
cess for making laminating resins. 


In preparing phenolic resins for laminating, 
equal molecular proportions of phenol and for- 
maldehyde are run into the reaction vessel and 
some alkaline catalyst such as ammonia or 
caustic soda is added. Heat is used to start the 
reaction, while an agitator stirs the mixture, 
The heat is not needed after the reaction is 
started, since an exothermic reaction takes 
place, The water which forms as a result of 
the chemical reaction is removed with a vac- 
uum pump, When the reaction of the chemicals 
has been completed, the resin has the consist- 
ency of cold molasses or is a solid, This phe- 
nolic resin, which may be hardened or poly- 
merized further by heat anu pressure, is called 
a resol. It is also known as a stage A resin, 
which, when heated further, passes into stage 
B, which ig hard and infusible, 


The reaction between the phenol and the for- 
maldehyde with either an acid or a base cata- 
lyst is called a condensation reaction, This 
condensation reaction is one in which mole-~ 
cules join together, or polymerize, to produce 
a large molecular structure and, as a byprod- 
uct of the process, a small amount of water, 
vapor, ammonia, or other volatile substance is 
given off. Polymerization is a reaction in 
which a number of molecules unite to form lar- 
ger molecular structures of the same compo- 
sition, 


Phenvlic resins for laminating are generally 
used in the form of a varnish ora water solu- 
tion, The varnish is produced by dissolving 
the highly viscous or solid resin in alcohol. 
This varnish, or the water solution of resin, is 
applied to the glass fabric by coating machines. 


In one method, the glass cloth is passed 
through a bath of phenolic varnish and then be- 
tween a pair of squeeze rolls or under a doctor 
blade, either of which can be adjusted to con- 
trol the percentage of resin remaining in the 
glass cloth, A second method uses a system of 
roll-coaters to control the amount of resin im- 
pregnated into the glass cloth. 


After impregnation, the cioth is passed 
through a drying oven, which serves two pur- 


Poses: to drive off the residual solvent in the 
liquid resin, and to advance the cure of the 
resin, At this stage, the resin still requires 
further cure but provides a non-tacky surface 
On the glass cloth, 


All of these steps require continuous control 
ard sampling, since the process is very crit- 
ical and overheating will cause the phenolic 
resinto set up hard, The rolls of coated rein- 
forcement are stored in cool rooms having a 
low moisture content until they are ready for 
laminating. 


In general, most glass reinforced phenolic 
laminating materials require 200 to 500 pounds 
per square inch molding pressure to obtain the 
optimum properties of the laminated structure, 
Within the last few years, however, several so- 
called low pressure phenolic molding resins 
have been developed, such as Bakelite 11946 
and 17085 and Cincinnati Testing Laboratory 
CTL-91 LD, which can be molded with 15 pounds 
Per square inch molding pressure and cured at 
325° F for approximately 1/2 hour. 


The phenolic glass reinforced materials used 
in radome applications have been generally re- 
stricted to these newer resins because of the 
low pressures required for molding and the 
ability of these laminates to maintain most of 
their strength for extended periods at tempera- 
tures up to 500° F, 


8-8, Melamine Resins 


To produce melamine formaldehyde resins, 
calcium carbide is heated in air, from which it 
absorbs nitrogon to torm calcium cyanamide, 
The calcium cyanamide is then reacted to form 
dicyandiamide, of which melamine is the 
trimer.* Melamine is then reacted with for- 
maldehyde, using an alkaline catalyst, such as 
sodium hydroxide, The reaction between the 
melamine and formaldehyde is stopped while 
the resin is still in the intermediate stage and 
is still water soluble. The melamine formal. 
dehyde resin is a clear substance, dissulved in 
water or ethyl alcohol. 


This water or alcohol solution, usually con- 
taining about 50 percent of melamine resin, is 
used to impregnate glass mats, glass cloth, or 
asbestos inthe same type of squeeze rolls used 
for preparing phenolic laminates. After the 





*A compound having the same percentage 
composition as another but three times its 
molecular weight, 





glass cloth or other melamine impregnated 
material is run through the squeeze rolls, the 
water or alcoho! is driven off by running the 
material through a drying oven. The drying 
must be carried out carefully or the melamine 
resin will advance in cure and be too atiff for 
laminating. 


Although melamine-formaldehyde has proved 
extremely useful because of its superior elec- 
trical properties, high heat resistance, surface 
hardness, general inertness, and resistance to 
organic solyents and acids, it has not been ac- 
tively used for large radome applications be- 
cause molding pressures of above 260 pounds 
per square inch are generally required. Mel- 
mac 402, produced by American Cyanamid 
Company, has been successfully used in pro- 
ducing small ogive-shaped radomes in matcheu 
metal molds, using mats as a filler, with as 
little as 100 pounds per square inch molding 
Pressur 4, 


The greatest use of these resins in the last 
five years hag been in the combination of a 
melamine laminating resin with glass fiber for 
panel boards and other clectrical items, This 
glass-mat, melamine combination provides 
very high impact strength as well as fire, heat, 
and arc resistance. 


Many other potential combinations of fUlers 
and melamine resins are under development 
for specialized applications in which the basic 
properties of heat resistance, good electrical 
charactevsistics, low water absorption and gen- 
eral inertness are of importance. 


8-9. Sillcones 

Silfcone isa general term used to describe a 
wroup of inorganic-organic polymers which 
may be liquid, rigid resin or rubber-like in na- 
ture, They are prepared from ailica, SWica 
sand is converted to silicon tetrachloride by 
burning with coke and chlorine, By a direct 
catalytic process, one, two or three of the 
chlorine atoms of the silicon are replaced with 
organic radicals derived from petroleum. In 
this method of joining the organic and Liorganic 
materials, an intermediate called organochlor- 
silaneisproduced. The remaining steps involve 
the separation of the desired organochlorsilanes 
followed by hydrolysisto removethe chlorine, A 
molecule haying an inorganic nucluus, with or- 
Kanic radicals taking up the remaining valences 
on the silicon atom, is produced. This can be 
polymerized to forma resin or elastomer. 


Depending upon the type of organic radical 
used, lta arrangement, the number of organic 
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radicals introduced, and the processing, the 


final product may be a resin, nondrying oll, or 
a ribher.like material 


The silicone resins have guod resistance to 
temperatures as high as 600° F, a high degree 
of resistance to moisture, inertness to many 
chemicals, and good electrical qualities. 


The early silicone resins developed were 
thermoplastic, brittle materials which had ty 
be dissolved in toluol or xyol to form an im- 
pregnating varnish, The early work on lami- 
nating resins was directed toward making ma- 
terials that could be molded at low pressure. 


The development of low-pressure laminates 
using giass fabrics bonded with polymerizable 
silicone resins was investigated intensively by 
Dow Corning Corporation, This research pro- 
gram resulted in silicone resins that could be 
used with low pressure laminating techniques 
for the production of molded parts having 
curved surfaces or large areas, Equally im- 
portant were the properties of strength at ele- 
vated temperatures, toughness, durability, 
water resistance, and electrical insulating 
properties. Because of the excellent heat sta- 
bility of silicone polymers, it was inevitable 
that the silicone resins be investigated for the 
preparation of heat resistant laminates by low- 
pressure techniques. Research sponsored by 
Wright Air Development Center found that Dow 
Corning 2106 silicone resin was suited for the 
production of laminates at pressures of 30 
pounds per square inch or less, and in general 
sUicone resins ma; be considered satisfactory 
for use in low-pressure Inminatlon, Luw- 
pressure, slliccne-glass laminates can be pre- 
pared from all glass fabrics or mats, 


Studies have ‘een made an the effect of clean- 
ing or sizing glass fabric tu prepare it for 
coating with silicone resin solution, Although 
much remains to be learned about the methods 
of cleaning and sizing the vlass cloth for sili- 
cone resins, the results at the presart time 
show that heat cleaning is the most satisfactory 
method, Some data indicate that there is nu 
advantage in using sizings over the heat- 
cleaned cloth. 


The properties of silicone resins that make 
them well adapted to low-pressure lamination 
arethe high initial viscosity at laminating 
temperature and a gel time that cun be con- 
trolled by the use of catalyst. Amine catalysts and 
others have been especially developed for use 
with #iiicone heat-setting resins. The amount 
of catalyst employed will dapend upon the lamt- 
nating pressure. For low-pressi're lamination, 
the amount of catalyst is 0.5 tc i.0 percent of 
triethanolamine. 
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Low-pressure laminating generally requires 
the use of high flow resins. Because the bub- 
bles and voids in the laminate must be removed 
by the flow of the resin rather than by pres- 
sure, it is necessary to use an excess of resin 
over that normally used in low-pressure mold- 
ing. For structural laminates, however, it 1s 
also desirable that the resin flow be held ta a 
minimum, Laminates with a silicone resin 
content of approximately 30 percent give the 
best properties at high temperatures. A 40 
percent pickup of resin has been found most 
satisfactory on the impregnated cloth, so that a 
squeeze-out may be obtained. 


Heat-cleaned glass fabric is impregnated with 
a catalyzed solution of silicone resin in toluol, 
After the fabric is impregnated it may be al- 
lowed to air dry for 1/2 hour. The cloth may 
be immediately precured for 5 minutes at 230° 
F, but the air-dry reduces the tackiness con- 
siderably, The laminating stock is soft and 
tacky when removed from the oven after the 
toluol is driven off; it may be shaped and 
straightened at this point. On cooling, the 
glass impregnated with silicone is stiff. Ad- 
vantage may be taken of the flexibility of the 
stock when warm to preform and stretch it to 
various shapes before molding, This can be 
done by warming the stock to approximately 
175° F and stretching it over a cola mold, 


When proper flow and gel time are obtained, 
silicone laminating stocks may be laminated in 
amanner similar to the other conventional low- 
pressure resins. It is best to allow the lamin-~ 
ating buildup to heat up to the laminating tem- 
perature of approximately 350° F under contact 
pressure before closing the mold and applying 
pressure. The pressure on the mold should 
then be increased gradually until 30 pounds per 
square inch is reached, 


For lamination in a positive mold or in a bag 
mold it is satisfactory to place the layup in the 
mold and to close the mold immediately, main- 
taining the desired pressure during the curing 
cycle, 


The time of cure 1s dependent upon the thick- 
ness of the laminate and the silicone resin. 
For Dow Corning resin 2106, a 15 minute cure 
is recommended for 1/8-inch laminates; a 30 
minute cure is recommended for 1/4- or 1/2- 
inch laminates. Laminates thicker than 1/2 
inch, up to 2 inches, should be cured for 1 
hour, Laminates made in a bag, vacuum, or 
nietal mold should be cured for 1/2 hour. All 
laminates should be cooled to below 212° F be~ 
fore removal of pressure. . 
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To obtain the best high-temperature proper- 
ties, It is necessary to give the silicone lami- 
nates an additional cure tn an oven after they 
are removed from the muld, The following 
schedule is recommended for Dow 2104 resin: 
16 hours at 194° F, 1 hour at 257° F, 1 hour at 
3u2’ F, 1 hour at 347° F, 1 hour at 41y~ F, and 
fro::. 80 to 150 hours at 482° F, At no time 
during the after cure should laminates be al- 
lowed to cool off. No difficulty with distortion 
of complex-shaped radomes has heen noted 
when using this schedule. The physical prop- 
erties of silicone laminates are particularly 
satisfactory after long aging periods at 500° F. 
Re. “13 have indicated that the limit of endur- 
ance of DC-2106 resin laminates exposed to 
high temperatures is approximately 700° F, 


A high-impact silicone molding compound 
has been prepared containing chopped glass 
fibers and inert filler. It has a bulk factor of 
10 as shipped, and after preforming at 500 to 
1,000 pounds per square inch, its bulk factor is 
3. Pressure of 500 pounds per square inch is 
required for molding; however, small radomes 
molded in matched metal molds have shown as- 
tounding strength and resistance to heat degra- 
dation at temperatures as high as 700° F for 1 
hour, 


Molding temperatures are 350 to 400° F and 
time is 200 minutes for simple pieces. Small 
moldings can be removed from the mold hot. 
An after-bake of 8 to 16 hours at 196° F and 2 
hours each at 260, 300, 350, and 400° F is nec- 
essary to develop optimum properties. In a 
mechanically controlled oven the after-bake 
can be accomplished by starting at 195° F and 
increasing temperature 15° per hur until 400° 
F is reached, followed by 2 hours at 400° F. 


8-10, Polyester Resins 


The alkyd styrene copolymers, or as the: are 
generally called "polyesters," are quite easly 
polymerized, Their ability to form infusible, 
insoluble, thermosetting resins by addition 
rather than condensation makes them especi- 
ally interesting for low-pressure molding. In 
contrast to the phenolic resins, no water or 
volatile materials are formed which have to be 
eliminated by breathing and the use of high 
molding pressure. This characteristic hrs 
been the salient feature in promoting the use of 
polyester resins with glass reinforcement for 
large airborne radomes, 


The reaction product of polybasic acids (those 
acids with more than one functional carboxyl 
group) and polyhedric alcohols (alcohols with 
more than one hydroxyl group) are chemically 
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called esters. Those that form resinou:; bodies 
are generally designated as alkyd resins. When 
a dihydric alcohol and dibasic acid are ester- 
fied, a linear, long-chained molecule is ob- 
tained with no residual carboayl vi ydruayi 
groups to allow further crosslinking. The re- 
action of adipic acid and ethylene glycol pro- 
duces this type of resin. These unsaturated 
alkyd resing will not crosslink with a mon- 
omer, such as styrene, and consequently are 
usually thermoplastic, or can be easily soft- 
ened by heat, If these resins are exposed to 
low temperature, they tend to remain relatively 
flexible, These types of unsaturated resins are 
not generally used for laminating, 


When alcohols having more than two hydroxyl 
ffroups are reacted with dibasic acids such as 
adipic, or an unsaturated dibasic acid, a ther- 
mosetting resin is formed which is hard and 
infusible, 


Resins from unsaturated acids that have re- 
active double bonds are called unsaturated 
alkyds, which have the facility of crosslinking 
with monomers such as styrene, vinyl acetate, 
methyl methacrylate, or triallylcyancurate. 


When glycols and unsaturated dibasic acids, 
such as maleic or fumaric acid, are reacted, 
an unsaturated alkyd is formed which is usu- 
ally a high viscosity liquid. For laminating 
purposes, a monomer such as styrene or trial- 
lylcyanurate is added to the alkyd, When this 
resin and monomer combination or copolymer 
is cured by the addition of a peroxide catalyst, 
the linear unsaturated polyester chains are 
crosslinked by the reactive monomer forming a 
solid, infusible material, These resins can be 
polymerized at temperatures as low as 80° F 
in 3 to 4 hours, 


Another group of unsaturated esters having 
low molecular weights are diallyl-phthalate, 
and diallyl-diglycol carbonate. Thesc resins 
are very thin, water-like liquids which can be 
polymerized alone or copolymerized with more 
viscous alkyd resins, 


The allyl resing are based upon the polymers 
and copolymers formed by either allyl alcohol 
or its derivatives. To form the simple esters 
of allyl alcohol, it is combined with the acid in 
the presence of dehydrating or acidic-type cat- 
alysts such as sulfuric or phosphoric acid. 
Generally, the water formed is removed by 
simple or azeotropic distillation. 


Diallyl! phthalate may be produced from 
phthalic anhydride and allyl alcohol using p- 
toluenesulfonic acid as catalyst or by ester ex- 


change with dimethy! phthalate in the presence 
of sodium, 


The polymerization of a typical allvl ester 
diallyl phthalate, gives a linear or slightly 
branched unsaturated chain. After about 25 
percent monomer conversion, a gel farmation 
occurs resulting from the formation of a 
crosslinked polymer, Mixtures of unsaturated 
esters, such ag diethylene maleate and diallyl 
phthalate, result in copolymers. As the ester 
is heated in the presence of a peroxide, the 
viscosity increases gradually until the gel point 
is reached, Initially the gel is highly elastic, 
but as the heating continues it becomes harder 
and tougher, finally forming a thermoset resin. 
Using dially phthalate with 2 percent of benzoyl 
peroxide, conversion to the prepolymer occurs 
in 2 hours at 180° F, 


Diallyl esters polymerize readily with perox- 
ide catalysts, but polymerize very slowly upon 
exposure to heat or light. This 1s advantageous 
since little or no inhibitor is required for stor- 
age. The catalyst becomes in integral part of 
the polymer chain. 


Two factors have influenced the use of allyl 
resin, One is the use of a two-stage polymeri- 
zation. The use of prepolymer reduces cure 
time and flow during the curing of a glass-re- 
inforced laminate. The other factor is this; 
by undergoing additional polymerization, the 
problem of water reaction, animonia vapors, or 
generation of other byproducts is eliminated in 
the formation of glass laminates. This permits 
the allyls to be used with very low molding or 
Jaminating pressures, It also leads to radomes 
with improved electrical properties. Some 
resins, such as phenolics, form water during 
their cure, and this complicates the proces- 
sing, The absorption of some of this water in 
the laminate also tends to increase the elec- 
trical losses and dielectric constant, The 
major problem left tothe radome manufactur- 
ers using pregelled allyl resins for thermoset 
laminates is that of eliminating the air bubbles, 


Most of the allyl resins will gel at low tem- 
peratures, but require a minimum temperature 
of 200° F for complete polymerization, 


Although the properties of the finished lami- 
nate depend onthe particular allyl rein used, 
all the allyl resins or copolymers may be 
handled with basically simular techniques. 


The first commercially produced unsaturated 
polyester resins appeared tn this country about 
1942, and were originally used, in lieu of acry- 
lic plastics, for casting bomb-bay noses. The 





jirnt ic St used in this work, and for reinforced 
laminates, was Allymer CR39, produces Sy 
Pittsburgh Piate Glass Company. This resin is 
said to be 2 condensation product of allyl acid 
carbonate (CHg : CH * CHg* O:COOH) anda gly - 
col, However, these early allyl resins required 
curing temperatures above 225°. F and curing 
times from 72 to 96 hours, which caused them 
to lase favor, compared with the more rapid 
and lower temperature cures of the styrene 
alkyd copolymers. This difficulty, however, 
has been overcome to a great extent, and the 
allyl resins have again gained favor for use in 
preimpregnated glass cloth, 


The potential use of these polyesters as low- 
pressure laminating resins with glass fiber re- 
inforcement has been under study for the last 
12 years, and they have become recognized as 
the most appropriate materials for radome 
structures, due to the excellent strength to 
weight ratio, as well as chemica. and moisture 
resistance, 


8-11. Epoxy Resins 


The first epoxy resins were produced com- 
mercially approxirautely a decade ago. Within 
the last 3 years they have been used on a large 
scale with glags cloth for radome fabrication. 
Chemically, the principal epoxy resins used 
fur laminating are the condensation products of 
epichlorohydrin and bisphenol. The epoxy res~- 
ins are polymerized by the use of metals, alka- 
lies, organic bases, and acid anhydrides. The 
hardeners currently in favor for radome fabri- 
¢ation are amines, such aa triethylene tetra- 
mine or metaphenylene diamine, An extensive 
research program has been conducted on high- 
strength epoxy laminates by Shell Chemicgl 
Company for Wright Air Development Center. 


In this work it was found the use of CL (meta- 
phenylene diamine) curing agent with Epon 828 
results in considerably better heat resistance 
and strength properties than is generally ob- 
tained with other amines, or anhydrides. 


One of the disadvantages in the use of epoxy 
resins is the fact that most of the hardeners 
used are amines which are irritating to the 
eyes, and, being strongly basic, can produce 
chemical burns where they come in direct con- 
tact with the skin, Prolonged exposure to the 
epoxy resins and hardeners may cause derma~- 
titis in hypersensitive individuals. 


An approach to the problem of dermatitis or 
toxicity is the use of a polyamide resin which 
is not considered toxic, The amide groups re- 
act with the epoxides to give a three-dimen- 


sional or crosslinked polymer that is tough and 
atrong. The use uf 35 to 50 parts of polyamide, 
such as Versamice, with $5 tc £4 narta of an 
epoxy resin, results in a satisfactory laminat- 
ing resin that will harden at room temperature 
in 3 to 4 hours or can be cured in 15 minutes at 
temperatures of 150-200° F, 


The liquid epoxy resins ~ for example, Epon 
828 — used for laminating with glass fiber re- 
inforcement such as cloth or mat, require 12 to 
15 percent of CL hardener as compared to the 
1.0 percent of peroxide catalyst used with the 
polyesters. 


Glass cloth epoxy laminates have very high 
interlaminar bond strengths which give very 
high shear and compressive strengths as com- 
pared to polyester laminates. Compressive 
strengths ag high as 60,000 pounds per square 
inch have been obtained. 


Glass cloth laminates can now be prepzred 
that have ultimate flexural strengths as high as 
15,000 pounds per square inch, dropping to 
57,000 pounds per square inch at 300° F. At 
temperatures of 350° F, epoxy laminates lose 
most of their strength. After boiling in ace- 
tone, the flexural strength may be as high as 
62,000 pounds per square inch, and after 3 hours 
in boiling water maybe as highas 72,000 pounds 
per square inch. They have retained their phy- 
sical characteristics almost intact after 90 days 
immersion in 30 percent sulphuric acid, 60 per- 
cent hydrochloric acid, glacial acetic acid, 50 
percent sodium hydroxide, ethylene dichloride, 
jet fuel, aromatic gpaoline, or any of a number 
of other chemicals, 


Another program in the development of epoxy 
resins is Scotchply, a product of Minnesota 
Mining and Manufacturing Company, This ma- 
terial consists of glass filaments impregnated 
with a stable epoxy resin. The plastic is rein-~ 
forced with linearly alined glass filaments. 
The individual sheets of filaments are. plied to- 
gether within the laminate in an arrangement to 
give either an isotropic or directional strength 
pattern to the structure, In each sheet, the 
glass filaments coated with the resin and cur- 
ing agent are uniformly dispersed and the glass 
filaments are alined straight and parallel, 
without crimp, slack, or twist. Weaving of the 
glass filament reinforcement is thug eliminated 
and a more efficient structural laminate is 
produced that can be more easily formed to the 
radome shape, since the glass filaments will 
conform to the complex contours. This type of 
reinforcement, impregnated with epoxy resin, 
is approximately 60 percent glass and 40 per- 
cent plastic resin. 
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The low density and high strength of the 
epoxy-coated filament results ina product with 
a high strength-weight ratio, When used in 
fabricaling radomes, Scotchply offers a method 
of obtasning strength in any desired area be- 
Cause OF tne Mleaibuuty provided Gy tailoved 


orientation. 
8-12. Catalysts for Polyesters 


Most styrene alkyd polyester resins will 
polymerize by setting at room temperature or 
upon exposure to sunlight. It is generally nec- 
essary to add an inhibitor, such as hydro- 
quinone or tertiary butyl catechol, to prolong 
the storage life. The use of an organic perox- 
ide tends to reduce the effect of the inhibitor, 
as well as to increase the rate of polymeriza- 
tion of polyesters. 


Benzoyl peroxide, obtained commercially as 
small granules or a8 a paste, is used as a gen- 
eral purpose catalyst for promoting the poly- 
merization of unsaturated polyester resins. As 
a paste with tricresyl phosphate or as a sus- 
pension in styrene monomer, it is readily sal- 
uble in polyester resins. In general it is the 
best and most widely used organic peroxide, 
particularly for laminating applications. With 
most polyesters, i percent of benzoyl peroxide 
is usually used, which causes the polyester to 
cure at temperatures as low as 180° F in 5 to 
10 minutes. If left at room temperature after 
catalyzing -with 1 percent benzoy)] peroxide, the 
poylester will gel in about 8 hours, but the 
polyester will not become completely cured. 


In spite of its general usefulness, benzoyl 
peroxide does not fulfill the requirements of a 
catalyst for curing polyester resins at room 
temperature, A considerable amount of work 
has been conducted on room temperature cures 
of polyester resins when used with large 
radomes. Benzoyl peroxide alone is not satis- 
factory for this application, but accelerators 
areavailable which, when used with benzoyl per - 
oxide make room temperature cures possible. 
These accelerators can be obtained commer- 
cially under various trade names, but in gen- 
eral they are based upon such chemicals as 
triethanolamine or dimethyl aniline. Approxi- 
mately 0.01 percent of dimethyl! aniline with 0.5 
percent of benzoyl perioxde will result in hard- 
ening of most polyesters in 4 hours at room 
temperature. The pot life of polyester resins 
with this accelerator and catalyst system, how- 
ever, is usually about 30 minutes. 


One of the peroxides that is used alone in the 
case of room temperature hardening polyesters 
is of 0.6 to 1.0 percent of 60 percent methyl- 
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ethyl ketone peroxide ain diamethyb phibabate 
The pot life of polyester resins ‘wath Unis per - 
centage of catalyst ts approximately 12 houg. 
The effect of using catalysts other thar benzoysi 
peroxide depends on the activily temperature of 
Ae Valatyot, Guile Catalyeia, och an uit 


ethyl ketone peroxide, methyl 1s obuty] ketone 
peroxide, or hydroxy-heptyl peroxide, become 
active at relatively iuw téimperatures, these 
may be used for room temperature laminating. 
For efficient and complete curing at room 
temperature, the addition of a few tenths of 1 
percent of a promotor is frequently required in 
addition to the catalyst. A promotor usually 
makes the catalyst more active, and is usually 
a compound such as cobalt or manganese naph- 
thenate. Promotors also increase the rate of 
hardening when higher temperature reacting 
catalysts such as benzoyl peroxide are used. 


\ 

A number of organic peroxides covering a 
wide range of catalytic properties can be ob- 
tained commercially for use with polyester 
resins. In general the percentage of catalyst 
used ranges from 0.5 to 2.0 weight percent 
based upon the resin. If no satisfactory resin- 
catalyst combination can be found, there is a 
selection of various other peroxides available 
for use with promotors. In laminating radomes, 
the size and shape of the radome limits the 
amount of heat which can be tolerated, due to 
the "exotherin" developed. As a result, blends 
of catalysts are usually used to control this ex- 
otherm. A mixture composed of two organic 
peroxides, benzoyl and methyl-ethy! ketone 
peroxide has been found advantageous in cases 
where a large part has to be cured with little 
external heat. 


Some work usually has to be carried out on 
the development of the proper resin-catalyst 
combination to develop a curing cycle of a 
specified time and temperature for each par~ 
ticular part which is to be fabricated. 


The selection of a catalyst for each particular 
condition depends upon the following factors: 
(1) the reactivity of the polyester resin used, 
(2) the curing temperature that can be em- 
ployed, and (3) the approximate gelation time of 
the particular glass reinforced laminate layup. 
If a large radome is being fabricated, this gel- 
ation period might be of 4 to 6 hours duration 
in order to allow for layup of the laminated 
radome. There is no catalyst for:mulation 
available at presont which will satisfy all re- 
quirements of curing temperature or gelation 
time for all general applications. It ‘3 possible 
however, to obtain a satisfactory combination 
by utilizing available catalysts. 
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The two main sources of organic peroxides 
are Luritol Corporation, Buffalo, New York 
and Cadet Chemical Division of McKesson and 
Robbins, New York City. 

S-13. Retiforcemeiite tur Piaatice 

The use of reinforcement is not new in the 

plastics {feld, Situce about 1910, reinforcement 


of high-pressure phenolic resins has been a 
common psactice. 


In general, cellulose materials in the form of 
paper, linen, or cotton cloth, as well ag.asbes- 
tos in the form of chopped fiber, felts, or 
papers, were used to obtain increased physical 
properties such as impact anu flexural 
strengths. These types of reinforcement, par- 
ticularly those containing cotton fibera, tended 
to have relatively high moisture absorption. 


In the late 1930's, glass fibers and woven 
glass cloth became available, but attempts to 
use them as a woven reinforcement for high- 
pressure phenolic resing were generally un- 
satisfactory, due to the fact that the glass fi- 
bers became crushed during molding, so that 
the outstanding physical properties of the glass 
fibers were ruined. 


When the polyester resins that could be mold- 
ed with little pressure became available late 
in 1942, the use of glass fibers in:the form of 
mat and woven glass cloth resulted in a new 
material with excellent strengths and light 






Reinforcement 


Flexural Strength (psi) 
1/8-in. panel, flatwise 
1/8-in. panel, edgewise 






Tensile Strength (psi) 


Impact Strength (ft-lb/in. notch) 
‘latwise 


Edgewise 





Bonding Strength (psi) 


Water Absorption (24 hrs _%) 
1/8-in. panel 





Insulation Resistance, Wet (megohms) 


(megohms 





ASTM Arc Resistance, sec. 


Table 8=J. Comparison of Cotton ond Glass Reinforcements 


weight. Today, however, due to intensive re- 
search in the development of low-pressure 
molding phenolic resins, they can be used with 
glass cloth and molded at pressures as low as 
15 pounds per square inch. Table 8-1 com- 
pares ihe properues of a phenoiic recin rein~ 
forced with woven glass and with woven cotton. 


Other types of synthetic fibers, such as nylon, 
Orlon, Fortisan, rayon, Dacron, and Dynel, 
have been intensively studied for use as a rein- 
forcement for polyester ard epoxy resins, but 
none produces laminates that are as satisfac- 
tory in physical properties as are glass-rein- 
forced laminates, 


Fortisan rayon is the only fiber that produces 
laminates approaching the strength of glass- 
reinforced plastics. However, the modulus of 
elasticity of Fortisan rayon laminates ia gen- 
erally lower than glass, and it has not gained 
favor as a competitive reinforcement. 


Nylon, Dacron, and Dynel are sometimes used 
for surfacing glass-reinforced laminates for 
special applications to improve abrasive, 
chemical, or electrical properties. 


The glass fibers used in reinforcement for 
plastic laminates are produced from lime-alu- 
mina-borosilicate glass. These fibers are 
made from small glass marbles in a platinum 
furnace using platinum spinerets, The fibers 
are in the form of continuous filaments which 
are collected into bundles or strands which are 


Cotton 35% 


Glass Cloth 389 
Phenolic 65%, X 


Phenolic 
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then thrown into yarns fur weaving. The mats 
and rov.ings are made from strands and can be 
used for reinforcement after the sizing has 
been removed. 


Fibers of four different diameters are eam- 
mercially available, as follows: 


Strand No. of Filaments Filament Diameter 


Count — Per Strand (Inches) 
900 102 0.00021 
450 204 0.00021 
225 204 0.00028 
150 204 0.00034 


All these glass fiber strands consist of bun- 
dies of parallel filaments. Such groups of fila- 
ments play an important part in the reinforcing 
of the laminate because they enable stresses to 
be passed quickly and easily from filament to 
filament through the low-strenght laminating 
resin. 


Generally, the coarser the fiber, the cheaper 
it jg to produce, Woven fabric is produced in 
150-, 225-, and 45° count yarns. Fabrics with 
150-count yarns are not often used in struc- 
tural laminates. It has not been shown that the 
use of this 160-count yarn represents the upper 
limit to the diameter of fiber in fabrics which 
are used for structural applications. 


A great number of woven glass fabrics are 
made commercially for plastics reinforcement. 
In general, they vary in thickness, weight, and 
type of weave. All woven fabrics that are used 
in radome construction meet the requirements 
of MIL-P-8013.3 Characteristics of these fab- 
rics are given in Table 8-1. 


B-14. Sizing for Glass Fabrics 


A considerable amount of research and de- 
velopment has been ‘onducted not only in the 
formulation of resins, but also on the use of 
fintahes for the glass relator veanent used in ine 


form of woven fabrics, yarn, and mat. 


In general, the fabrics are woven [rum con- 
tinuous filaments or staple fibers that are 
sized. This size, usually consisting of a mix- 
ture of starch and vegetable oil, is necessary 
to hold the fibers together and to lubricate the 
yarn and prevent abrasion during weaving. 


In the early days of preparing glass-rein- 
forced laminate structures, it was found that 
the size prevented full utilization of the 
strength of the glass fibers. The resindid not bond 
well to the glass because of the oily size; con- 
sequently, low flexural strengths were obtaired. 
Early in 1943, woven glass fabric was used in 
which this size had been removed by exposing 
the cloth to temperatures of approximately 
600° F, This heat treatment caramelized the 
size and gave the glass a light tan color. The 
next improvement in the preparation of woven 
glass consisted of running the heat-treated 
cloth through a chemical solution of methyla- 
crylate chromic complex salt. This treatment 
improved the physical properties of the lami- 
nates. However, late in 1945, it was found that 
laminates exposed to weathering conditions of 
high humidity or immersion in water lost as 
much as 60 percent of their mechanical 
strength. The large loss in flexural strength of 
glass-fiber polyester laminates caused by water 
can be traced to the inadequate nature of the 
bond between the resin and glass filaments. 
This was thought to be caused by moisture 
pen trating between the resin and glass 


Table 8-2]. Woven Gloss Fabrics for Reintwced Laminates 








Average Average Threads 
Fabric Thickness Wet/Sq Yd Yarn er Inch 
Number (inches) (ounces) Type Weave warp fill warp fill 
112 0.003 2.09 Plain 450 450 40 39 
116 0.004 3.16 ne 450 450 60 58 
128 0.007 6.00 " 225 225 42 32 
162 0,016 12.20 ” 225 225 28 16 
164 0.015 12.60 u 225 225 20 18 
120 0,004 3.16 4-Harness Satin 450 450 60 58 
181 0,0085 8.90 8-Harness Satin 225 225 57 54 
182 0.013 | 12.40 8-Harness Satin 225 225 60 56 
183 0.018 16.75 8-Harness Satin 225 225 54 48 
184 0.027 25.90 8-Harneas Satin 225 225 42 36 
143 0.009 8.90 Crowfoot Satin 225 450 48 30 
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fiber interface. Since 1945, a number of 
research prograsns on glass fabric tristment 
have heen carried out by both industry and 
Wright Air Development Center.4 The Owens 
Corning Glass Company evolved a finish. des- 
ignated "Volan A," which gave laminates good 
wet strength retention. This finish is also 
based on methylacrylate chromic chloride. 5 
An outstanding finish, designated B.J.Y., base 
upon vinylchlorosilane, has been developed by 
Bjorksten Laboratories, but because of the for- 
mation of hydrochloride acid, commerical pro- 
cessing techniques have not been worked out, 
and this finish has not been used on a very 
large scale.8 


In an attempt to eliminate the use of acidic or 
acid-producing chemicals in glass treating 
plants, a silicone polymer has been worked out 
which contains vinyl groups on each silicon 
atom. This resin is free of chlorine and is a 
neutral polymer that can be used in a toluol so- 
lution. This resin size, marketed as Linde 
treatment GS-1, can be applied to heat-treated 
glass cloth from a hydrocarbon solution pro- 
ducing a finish on the glass having properties 
similar to those obtained by sizing with vinyl- 
trichlorosilane. The result of this treatment is 
to cover the glasa filaments with a nearly con- 
tinuous sheath of silicone. This coating not 
only covers the glass fibers but is firmly at- 
tached, either by some type of strong surface 
force or actual chemical reaction with the 
glass. This silicone treatment prevents wetting 
of the glass by water, and is not seriously af- 
fected by breaks or fissures. In addition, the 
vinyl groups attached to each silicon atom in 
this sheath are available for double bond poly- 
merization with suitable unsaturated resins. 


The amount of size on the glass can be con- 
trolled simply by adjustment of the concentra- 
tion of the solution. ‘nveatigations at Linde 
have shown that be'uw about0.2 percent of size 
on the glass filaments, the wet strength reten- 
tion begins to fall off. Wet strength retention 
does not seem to be affected by greater 
amounts of this size, but a definite decrease in 
dry strength becomes apparent above 0.5 per- 
cent size, 


To avoid processing which involves the use of 
hydrocarbon solvents, Linde Silicone Division 
has recently developed a new vinyl silicone 
emulsion that can be applied to the fabric ina 
water solution. These silicone treatments are 
designated as A-172 for polyesters, and A-1100 
for phenolic and epoxy resins. The applicable 
specification for the finish of glass fabric is 
MIL-F-9115. Another new treatment is called 
Garan finish.? This finish improves the wet 
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strength of giass laminates ami is available 
commerctally. 


Preliminary data indicate that with most 
Dolvester regains. laminates will maintain 90 
percent or more of their physical properties 
after 30 days immersion in water with these 
Garan, Bjorkaten, and I.inde sizing treatmenta 


Personnel at the Naval Ordnance Laboratory 
in Washington have worked with silane finishes 
and have developed on outstanding finish desig- 
nated NOL-24.8 Thia finish, or size, not only 
reduces the logs in strength of polyester lamt- 
nates due to water immersion, but vastly im- 
proves the physical properties of phenolic and 
epoxy resin laminates. The theory of why this 
finished improves the flexural strength and 
modulus of glass-reinforced phenolic or exopy 
laminates is based upon the fact that the fini- 
shes react chemically with the surface of glass 
fibers and the resin, thus bridging the discon- 
tinuity at their interface. This chemical bond 
between the glass and the resin causes the 
system to work as a unit, utilizing to a greater 
degree the high strength of the fibers. 


The current status of finishes intended pri- 
marily for woven glass fabrics may be sum- 
marized as follows: Volau and Garan are used 
to the greatest extant, since they are approved 
under MIL-F-9118," and are readily available 
commercially; the other finishes, such as 
Linde A-172 and A-1100, NOL-24 and Bjork- 
sten, have to be ordered specially from various 
fabric weavers. 


8-15. Adhesives for Radome Bonding 


This paragraph treats the use of adhesives 
for bonding various plastic or metal attach- 
ments to reinforced plastic radomes. This in- 
<olves (’ccuscion uf plastic-to-plastic, plastic- 
to-metal, or metal-to-metal bonding. The use 
Gf adhesives in bonding sandwiches will be dis- 
cussed under the section on sandwiches. 


Adhesives employed for bonding aircraft 
components are usualiy classified into two 
groups, cold setting and hot setting. Both 
types require enough pressure applied to the 
bonding areas ‘to insure contact. Usually 15 
pounds per square inch is the minimum desired 
pressure, with 200 pounds per square inch the 
maximum, 


The adhesives used in bonding radome as- 
semblies together in structural applications 
are synthetic in nature, and are based upon 
polyester, melamine, phenolic, resorcinol, 
furane, and epoxy resins. After considerable 
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research, these adhesives have proved the 
most satisfactory, since they cannot be scft- 
ened by solvents or a normal amount of heat 
after cure. 


Refore an adhesive is selected for a bonding 
application, the following factors must be taken 
into consideration: (f) the working properties 
of the adhesive: (2) methods of preparing the 
bounding surfaces: (3) the pot life; (4) lhe method 
of application, and amount andduration of bond- 
ing pressure and temperature; (5) the ultimate 
strength of the adhesive bond at temperatures 
ranging from 80 to 400° F, as well as (6) the 
degree to which the adhesive or the adhesive- 
bonded joint can resist moisture, solvents, and 
stresses that tend to deteriorate the strength of 
the joint in service, 


All structural bonding operations are similar, 
in general, these steps are followed: (1) Prep- 
aration of surfaces to be bonded; (2) Applica- 
tion of adhesive to faying surfaces; (3) Curing 
of the bond; (4) Quality control test of the bond. 


In any bonding process the most critical fac- 
tor in obtaining a strong, satisfactory joint is 
the preparation of the surfaces to be bonded. 
In all cases the bonded areas must be clean and 
free of grease or other contamination, With 
reinforced plastics, this is usually accom- 
plished by sanding the plastic surface or by 
peeling off one ply of the glass reinforcement. 
An extensive amount of research has been de- 
voted to the preparation of metals before bond- 
ing.19 Usually the metal is degreased by the 
use of a hydrocarbon solvent and then treated 
with an alkali cleaner. 


Cold-setting adhesives, such as the poly- 
esters, furanes, resorcinols, and epoxies, are 
usually liquids that have to be accelerated or 
catalyzed with a second component, These ad- 
hesives correspond to Types Xl, um or IV of 
MIL-A-8331, 21 


After addition of the catalyst, the pot life 
ranges from 10 to 90 minutes, During this 
time the surfaces of the bonded part must be 
coated by brush or spray and the parts assem- 
bled and held under pressure at room tempera- 
ture. In general, the pressure must be kept on 
the assembly for 1 to 8 hours to allow the ad- 
hesive to set. Most cold-setting adhesives re- 
quire from 24 to 96 hours at room temperature 
to obtain their optimum physical properties. 


Certain types of modified phenolics or mela- 
mine resins, are used as liquids, films, or in 
the solid form as powders. These adhesives 
meet specifications for Types I, II, VI, and VII 


of MIL-A-8331 In the form of i:quids, they 
are brushed or sprayed on the surfaces to be 
bonded; films or powders are laid between the 
faying surfaces befure closing the assembly. 
For these hot-setting adhesives, the tempera- 
ture; required for curing or setting range from 
285 to 325” F. (at the glue line) for 15 minutes 
to 1/2 hour. The pressure required is usually 
about 50 pounds per square inch, The pressure 
can be removed as soon as the assembly is 
brought back to room temperature, Adhesives 
cured in this manner have obtained their full 
strength and can be used immediately. 


The pressure and temperature may be pro- 
duced by any of several conventional methods: 
heated platen in an air or hydraulic press; dead 
weight loading; vacuum bags in heated ovens or 
autoclaves; spring-loaded fixtures, such as a 
screw clamp or toggle clamp; or any other 
method that will give a dry heat source ita com- 
bination with uniform pressure loading. To as- 
sure proper temperature at the glue line a 
thermocouple lead should be enclosed in the 
joint, at least in the preliminary setup. 


The generally accepted method of testing the 
quality of an adhesive joint is to subject the 
bond to a tensile shear load,41 This is done by 
cutting 1-inch strips of the overlapped joint and 
pulling the units apart ona tensile testing ma- 
chine. The length of the strips should be ap- 
proximately 9 inches, with a 1/2 inch overlap, 
The overlap area should be calculated to the 
nearest thousandth inch and then the unit pulled 
at the rate complying with MIL-A-8331, After 
the failure is recorded, the shear strength is 
calculated, It is general practice to test a cer- 
tain percentage of the production units to de- 
termine the quality of the bond. In some cases, 
however, a test specimen is made for each 
production unit and accompanies it through the 
various operations, At the end of the opera- 
tions, the test specimen is evaluated, 


Due to aerodynamic heating which occurs on 
high speed aircraft, there is a need for adhe- 
sives to withstand higher temperatures, Such 
adhesives are needed for joining metals and 
glass-reinforced plastics to themselves and to 
each other, 


All adhesives commercially available are or- 
ganic and are therefore subject to definite 
temperature limitations. In load-carrying ap- 
plication, the upper limit at present is approx- 
imately 350° F; above this temperature the 
strength of most adhesives falls off rapidly. 


Investigations on the development of high 
temperature adhesives are described in Refer- 
ences 12 and 13. 








The biggest disadvantage of adhesive bonding 
18 the fact that there has been no satisfactory 
method of determining by test whether or not 


the bonded assemblies are structurally effi- 
cient. Inspection metiuods nave been pnder in- 
tensive study for a number of years. 


SECTION C, SOLM RADOME CONSTRUCTION 


For the most part solid radomes for opera- 
tion at temperatures ranging from -60 to 225° 
F are constructed of glass-reinforced lami- 
nates ranging from 0.020 to 0,500 inch thick, 


Airborne radomes are usually constructed of 
woven glass cloths (116, 120, 181 or combina- 
tions of these) impregnated with styrene alkyd 
copolymers, diallyl phthalate, or epoxy resins, 


8-17, High Temperature (225 to 500° F) 


Solid radomes for high temperature use are 
made of the same types of woven glass rein- 
forcement (such as 116, 120 or 181), but the 
resins are usually restricted to silicones, 
phenolics, and the triallylcyanurate copoly- 
mers, The joven cloth used is covered by 
MIL-F-9084.!5 ‘The finishes used on the woven 
glass cloth are covered by MIL-F-9118. 


The silicone resins that are curréntly used 
are Dow Corning's 2106 and General Electric's 
81369.48 The silicone resin requirements are 
outlined in MIL-R-25606, The low pressure 
Silicone laminates are covered in MIL-P- 
26518,18 


The most heat resistant phenolic developed to 
date ts Cincinnati Testing Laboratory's CTL- 


91LD.19 The CTL-91LD, phenolic glass-rein- 
forced lam inate meets the requirements of 
MIL-P-25515, Of the trially!cyanurate 
copolymers, three are available commerically 
that are used for radome fabricating. They are 
Naugatuck Chemical Company's Vibrin 135: 
American Cyanamid’s 4232; and Pittsburgh 
Plate Glass Company's 5000-468-53.2! The 
specification covering the requirements of 
these heat ff sistant polyester resins is 
MIL- R-25042, Laminates made from these 
three types of resins and 181 cloth have been 
extensively evaluated for physical prgpesties at 
room and elevated temperatures.29)24,25 The 
requirements for the completed laminate are 
covered in MIL-P-26395. 


The greatest difficulty in the use of these 
three types of resins in the fabrication of 
solid-wall radomes has been to develop meth- 
ods of post-curing the laminates so as to elim- 
inate the formation of bubbles or blisters be- 
tween the glass laminate, which causes delamt- 
nation of the plies of glass reinforcement.41,24 


The triallylcyanurate resin laminates also 
tend to crack upon exposure to 500° F, Studies 
indicate that an asbestog pveriay sheet tends to 
eliminate this difficulty. 


SECTION D. SANDWICH RADOME CONSTRUCTION* 


Sandwich construction consists of two or 
more thin skins stabilized against buckling with 
a lightweight core material. 


8-18. Types of Core Materials 
The organic materials commonly used in 


sandwich radomes consist of glass fiber-rein- 
forced plastic skins made with glass cloth of 


*From the view of materials and {fabrication 
techniques, the multiple sandwich can usually 
be considered as two or more identical, single 
sandwiches with zero spacing between them. 
Therefore, only the methods of fabricating a 
single sandwich will be discussed, 


such weaves as 112, 116, 120, 181, impregnated 
with polyester, epoxy, phenolic, or silicone 
resins. These laminate skins meet tle re- 
quirements of the applicable laminate specifl- 
cations,2 The core used is usually of one of 
the following types: (1) Honeycomb core, (2) 
Fluted core, (3) Foam core, 


8-19. Honeycomb Core 


In general, the honeycomb and fluted core can 
be considered as one type of core material, 
since they are usually made from glass fabric 
impregnated with a minimum amount of resin 
and vary only in their geometry. The greatest 
difference between them, perhaps, lies in their 
method of manufacture and use, 





Glass fapric honeycomb core materials are 
made with hexagonal sheped cella of several 
sizes, They are usually made from 112 cloth 
in which the cell nodes are bonded together 
with thin layers of organic resin. The cell 
sizes usually used are 3/16, 1/4. and 3/8 inck 
with deasiues ranging from 2.5 to 9 pounds per 
cubic foot. 


Honeycomb cores are of two types. The 
cheaper of the two types is fabricated by a pro- 
cess in which adhesive is applied in alternately 
spaced and interspersed strips to the upper 
surfaces of the stacked sheets from which 
the honeycomb is to be made. These strips or 
nodes form the bonding points of the honeycomb 
cell upon curing of the adhesive. The flat sheet 
ie then cut in the required thickness and the 
honeycomb expanded by pulling on each end of 
the flat sheet. In the second type, mandrels 
are used for cell formation.2’ For double cur- 
vature work the unexpanded core is dipped in 
resin that has been diluted, stretched over the 
appropriate contour, and allowed to cure in po- 
Sition. It is also poasible to machine sections 
from the unexpanded blocks of honeycomb, so 
that when the sections are expanded curvatures 
are again obtained. 


The precision type of honeycomb core is sup- 
ohied in the expanded condihon. See Figure 
8-1. It is possible, by warming sheets of the 
resin-impregnated honeycomb, {0 post-form 
sectiuns to a fair double curvature Machined 
“uuuie Cu.Valires are possible; in order tc 
provide support for the cell walls, the core 
may be temporarily embedded in a matrix of 
fusible alloy or wax. Contoured honeycomb 
sections cut to fabricators' shapes are com- 
m2rcially available. 


where are generally two deficiencies to be 
r vercome in the use of honeycombs in sandwich 
radomes. The first ia the difficulty of obtain- 
ing accuracy in the core thickness; the second 
is the trouble experienced in obtaining the op~ 
timum bond between the honeycomb and the 
surface skins at all times. In the expansion 
type of honeycomb, the blocks of core are cut 
into slices by power-operated guillotines. 
Contoured thicknesses of the preformed core 
are cut from this block with a bandsaw, leaving 
the cut edges of the sheet with a somewhat 
stringy frayed edge of glass fiber. 


Glass-reinforced honeycombs display pro- 
nounced directional shear properties, but, this 





Figure 8=1, Sketch of Honeycomb Core Structure (T is the thickness, or depth; L is the width, also called the ribbon direction or longi- 
tudinal direction; W Ia the length, sometimes termed the transverse direction or direction perpendicular to the ribbons) 
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is usually overcome by orienting the core so 
the major loads are carried in the longitudinal 
or ribbon direction shown in Figure 8-1. 


The National Advisory Committee for Aero- 
nautics and the Forest Products Laboratory 
have carried out an extensive study of the phy- 
sical properties of honeycomb cores and plas- 
tic sandwiches prepared from them. Analysis 
of compressive, shear, and creep properties 
are outlined in their reports (see References 
26 through 39). Data on methods of inspecting 
bonds and methods of repair of sandwich con- 
structions are also outlined in Forest Products 
Laboratory reports (References 14, 40, 41). 


The specification covering honeycomb core is 
MIL-C-8073,4 The specification covering 
sandwich construction is MIL-S-9041. 


8-20. Fluted Core. 


Another type of ccre material has been de- 
veloped by several aircraft companies for de- 
iceable airoorne radomes. This is known as a 
fluted core. A description of its manufacture 
will be found in paragraph 8-26 under "Core 
Construction." 


3-21, Foam Core 


In view of the general use of foam cores a 
treatment of the foaming-{n-place process has 
been included in paragraph) 8-26 «under 
"Foamed-in- Place Cores," 


The specification covering polyurethane 
foamed-in-place core materials is MIL-C- 
8087,43 and the requirements of sandwich con- 
struction of glass-reinforced laminate aking 
and alkyd isocyanate foam¢q-in-place cores 
are covered in MIL-S-25392, 


Because of the temperatures encountered in 
flight on high-speed aircraft and missiles, the 


Compressive Strength (Flatwise) 270 psi 150 psi 
Shear Strength 85 psi 40 psi 
Shear Modulus 7,300 psi 3,400 psi 
Tensile Strength (Flatwise) 100 psi 70 psi 
Dielectric Constant 8.56 Kmc 1.16+0.01 1.23 4 0.01 (392° F) 


Loss Tangent &.5 Kmc 





715° F 


0.0034 + 0.0002 


need of temperature- resistant foams for sand- 
wiches became evident early in 1952. As con- 
Siderable success had been achieved in the re- 
search on resins for heat-resistant, glass-re- 
inforced laminate skins, the next logical step in 
the preparation of heat-resistant sandwiches 
was to evolve a thermally stable foamed-in- 
place core material. 


Wright Air Development Center sponsored 
several investigations to develop formulations, 
materials, techniques of foaming, and. equip- 
ment for the production of a heat-resistant, 
foamed-in-place, low-density, dielectric core 
material for radomes. Such radomes are to 
meet the following requirements: (1) they will 
be subjected to short-time operation at tem- 
peratures of approximately 500° F; (2) the 
foamed-in-place core dielectric must lend it- 
self to use in sandwich radome designs; (3) the 
sandwich skins, between which the foam is to 
be expanded and to which it must bond automa- 
tically during foaming, is to be of low-pres- 
sure, glass-fabric reinforced laminates which 
may be spaced uniformly or in controlled grad- 
uation of spacing ranging from 0.25 to 0.50 
inch; (4) radomes will range in size from ap- 
proximately 6 inches in diameter by 12 inches 
long to approximately 20 inches in diameter by 
60 inches long; (5) radome skin thicknesses 
will range from approximately 0.010 to 0.040 
inch; (8) sandwich molding thickness must be 
controllable to +0.0065 inch, 


Based upon this research, two heat-resistant, 
foamed-in-place core materials have been de- 
veloped. In the first program polyurethane 
foams prepared from tolylene diisocyanate and 
unsaturated alkyd-triallylcyanurate copoly- 
meric materials have retained 50 percent of 
their room temperature strength when tested at 
400° F, after 1/2 hour at 400° F.45 Some of 
the properties of this foamed-in-place core 
material are given in Table 8-III. 


Table 8=JJI, Properties of Polyurethone Foams 










400° F 


0.00244 0.0002 (392° F) 


In the second program, methods for producing 
foamed-in-place sandwich structures from sil- 
icone resis have been developed,” This process 
consists of expanding a dry powdered silicone 
resin containing a blowing agent, catalyst, and 
inert filler. The powder mixture melts and ex- 
pands readily. Core density can be convenient- 
ly controlled by adjustments in the temperature 
used for expanding the powdered resin. 


Foamed-in-place sandwiches can be consis- 
tently reproduced with a density variation of 
approximately +1 pound per cubic foot. Foams 


have been made with densities ranging from 11 
to 24 pounds per cubic foot. At room tempera- 
ture the compressive strength of these foams 
varied from 80 to 400 pounds per square inch, 
depending on the density. Compressive 
strength after one-half hour exposure to 500° F 
ranged fram 20 ta 1Nf nounda per equare inch, 
For instance, a panel having a density of 18 
pounds per cubic foot hada room temperature 
compreasive atrength of 200 pounds per square 
inch. After 200 hours at 500° F, its compres- 
sive strength was 70 pounds per square inch, 


SECTION E. PROPERTIES OF ORGANIC RADOME MATERIALS 


8-22, Electrical Properties 


Compositional and environmental changes and 
factors influence the microwave behaviour of 
radome and other dielectric materials, as evi- 
denced by directional errors and range reduc- 
tion, The former is the summation of such 
microwave optical phenomena as refraction, 
phase front shape, and polarization distortions; 
the latter is a result of power loss through 
absorptive dissipation and reflection. 


The dielectric constant of a material isa 
determinant of its refraction, reflection, and 
electrical thickness. The material’s loss tan- 
gent is a coefficient proportional to its energy 
absorptive characteristic, and affects in vary~ 
ing degrees polarization distortions, reflection, 
and range reduction. 


Dielectric constant and loss tangent values of 
materials of interest are periodically published 


by A. R. Von Hippel for a wide range of fre- 
quencies and temperatures. 


Dielectric constant and losa tangent values of 
particular interest to radome designers are 
reported by Lt. Richard H. Forbes and Byron 
Noe in the following WADC Technical Reports: 


1. "Microwave Electrical Characteristics of 
Radome Materials at 8.5 Kilomegocycles Per 
Second,*' Technical Report No. 54-273, April 
1954. 


2. Supplement 1, June 1956. 


For the convenience of the reader the dielec- 
tric measurements from a number of sources 
of properties of typical and proposed radome 
materials have been compiled in Table 8-IV, 
"Dielectric Properties of Low Density Mater- 
ials," and Table 8-V, "Dielectric Properties of 
Full Density Materials." 


Table 8u[V. Dielectric Properties of Low Density Materials 





Class 


Honeycomb Glass fiber 0.0065" wall, 
r Similar 1/4" open cell: 


a) E vector 1 
double cell walls 


b) E vector i 
double cell walls 


c) Evector 1 sample 


Name Description (gm/cc) (°C) (mc) (Dry) (Dry) By 


McMillan Isotropic Core 40% Al 






Dielectric Loss 
sp.gr Temp Freq Constant Tangent 


0.06 
25 8,500 1.10 WA 
25 8,500 1.15 WADC 
25 8,500 1.20 WA 
0.10 25 9,300 4.03 0.0146 McM 


Table 8=J ¥. Dielectric Properties of Low Density Materials (cont) 


Dielectric Loss 
sp.gr Temp Frea Constant Tangent 








— 





Class Name Description (gm/cc) (9° C) (mc) _ (Dry) | (Dry) By 
Mineral Emerson and Cuming 
sodium silicate 0.38 25 8,500 1.65 0.005 WADC 


Foamglass 


Ohio State University 
fire bloated ceramic 


Owens-I°linois 
integrated Wollastonite 
same converted ut 

1,700° F 


Pittsburgh-Corning Foamed 
Silica 


Virginia Polytechnic (90%) 


VPI-B77 calcium aluminate 


VPI-90% alumina 
VPI-Steatite 


McMilian Polyurethane 


Silicone XR544 


Lockioam 
Lockfoam 


Goodyear 
Alkyd-Isocyanate 





0.71 25 9,300 1,14 0.025 NADC 
0.88 25 8,500 17.4 0.008 WADC 


0.28 260 8,500 0.0010 WADC 
0.30 8,500 0.0008 WADC 


0.16 8,500 0.002 WADC 
0.53 9,370 1. 0.005 
1.24 9,370 0.005 
9,370 0.001 
9,370 0.001 
9,370 0.001 
9,370 0,001 
9,300 
9,300 
9,300 
8,600 
8,600 
8,600 
8,600 
8,500 
8,500 


9,160 


Data sources: McM: Von Hippel; NADC: Naval Air Development Center; 
" WADC: Wright Air Development Center 


The reader not familiar in detail with the 
principles of microwave optics is cautioned 
that the electrical behavior of a radome is not 
independent of thickness. The effect of thick- 
ness is reduced when the dielectric conatant is 
very low or certain arrangements of the layers 
of the radome wall are made, 48, 49, 60 For 
acceptable boresight accuracy it may prove 
preferable to use high diglectric constants. 
Efforts have been made to improve trang pigs 
sion properties with magnetic materials.9* 2 


In a radome, dielectric materials are disposed 
in definite thicknesses, gradients, and shapes. 
From the viewpoint of microwave optics me- 
chanical thickness ia important as it directly 
combines with dielectric constant to give elec- 
trical thickness as the product. This latter 
preperty affects phase front shape, polarization 
distortion, and reflection. 


Usual mechanical sources of variation in 
electrical thickness include flight erosion, de- 
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viation from dimensional and smoothness spec- 
ifications, surface films of water or other 
fluids, and encrustations of ice, frost, fungus, 
dirt, and salt. Temperature fluctuations pro- 
duce mechanical thickness variations which may 
be accentuated in electrical thickness effect by 
dielactrie constant and Ines tangent changss. 

Environmental changes, for example of tem- 
perature and humidity, usually but not always 
produce reversible changes in dielectric con- 
stant and loss tangent. Process variations in 
the manufacture of dielectrics or the radomes 
themselves are sources of permanent devia- 
tions from the desired dielectric properties. 
Common process factors include variation in 
the ratio of raw material ingredients, such as 
styrene and polyester; changes in composition 
of a laminate resulting from _ catalysts, 
pigments, trapped air, or moisture; impurities; 
proportioning of resin and glass fiber; and the 
degree of post-cure, 


The reader who {s a chemist or chemical 
physicist is directed to Reference 53 for the 
molecular theory of dielectrics and a treat- 
ment of dielectric constant as a function of 
temperature. The electrical engineer is re- 
ferred to Chapter 2, "Electromagnetic Field 
and Optic Theory," in this book, and to Refer- 
ence 54, 


Data measured and compiled by G: R. Blairon 
the change of dielectric properties with tem- 
perature for several laminates is shown in Fig- 
ures 6-2 and 8-3, (See also Reference 55.) 
In Reference 66 E, B, McMillan discusses the 
influence of dielectric changes withtemperature 
rise onthe electricaldesignof missile radomes, 
The chemist and the fabricator will find reason 
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Figure 8=3, Loss Tongent Versus Temperature, Verious 
Laminates (By permission of McMillon Loboratory, Inc.) 


to provide materials having the'least change of 
dielectric constant and loss tangent with tem- 
perature, 


When an isotropic dielectric is specified or 
implied the chemist must guard against an or1- 
entation of the dielectric during fabrication 
process steps such as might result from foam 
core striations and parallel alignment of ori- 
ented fabrics, A calculated orientation is in- 
troduced when wires, grids, and plates are made 
a part of the radome wall, as has been done ex- 
perimentally.57, 58 


Electrical resistivity varies with materials, 
often with their temperature, and at the surface . 
ia influenced by moisture, Relative movement 
with respect to dry or lonized air may produce, 
or in the latter case reduce, electrical charge 
accumulation at the surface, Interface ioniza- 
tion has been thought to produce a limited de- 
gree of radio Interference and localized micro- 
wave dielectric property changes, 


The electrical designer endeavors to avoid 
dielectric discontinuities, but the fabricator and 
the installer may need joints for practical 
reasons. The pattern distortion of a joint pre- 
pared ina laboratory experiment may be seen in 
Figure 8-4. When the plastic foam of the sand- 
wich core was loaded with aluminum powder 
until all elements of the radome wall were 
nearly electrically homogeneous, the shape of 
the radiation pattern was substantially restored. 
It can be seen that the use of metal powders 
may in certain instances be necessary and is 
not harmful per se; however, there must be 
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Figure 8=4. Electrical Properties of Joints (By permiasien of E. B. McMillen) 


careful electrical design thought, ag well as 
conformity with military specifications where 
applicable, 


‘, wonnection with a radome installation or as 
+ uvering for certain radome areas or sup- 
pu.ts, a dielectric sheet of high loss and low 
reflection maybe needed. In addition to MX410/ 
AP materials, gradient foams or hair mats, 
thin wave-trapping flexible laminates, and 
dentate nonreflecting systems have been avail- 
able, 


8-28. Mechanical Properties 


The basic mechanical properties, such as 
tension, compression, and flexural strengths, 
of glass-reinforced laminates differ from sim- 
ilar properties of other structural materials in 
thatthe resultant laminate is anistropic; that is, 


the various physical properties vary indifferent 
directions in the plane of the sheet. In most 
woven fabrics used in the reinforcement of 
structural plastics, the yarns are woven at right 
angles, designated as warp and fill directions. 
Generally, in structural laminates, the plies of 
woven glass cloth are laid up so all the plies 
of the laminate are parallel to the warp, or so 
that alternate plies are parallel and perpendicu- 
lar to the warp, Fabrics having an essentially 
square or balanced weave (those with the same 
yarns in equal amount in the warp and fill 
directions) give laminates with approximately 
equal strength in directions at right angles to 
each other, Physical properties of laminates 
made with balanced weave fabric generally re- 
sult in equal strengths inthe longitudinal direc- 
tion (warp) and in the transverse direction (fill), 
Most data on strength properties are reported 
in two directions, the longitudinal andthe trans- 





verse. Fabrics with unbalanced weave or uni- 
directional fabrics such as 143, are usually 
plied ina paralle! fachton in moat laminates. 

Table 8-VI outlines the minimum strength 
values of polyester laminate panels that are 
required under MIL- P-8013A on low-»ressure, 
structural, glass-reinforced plastics.2 These 
values, while representative of the mechanical 
properties obtained on flat panels of typical 
polyesters and various weaves of fabric, should 
not be used for design. Even with one specific 
fabric, many factors such as type of resin, 
fabric finish, shape, fabrication and molding 
procedures influence the mechanical properties 
of the final laminate. 


Strength properties of glass-reinforced lami- 
nates have been found to vary considerably, de- 
pending upon the processing of the laminates. 
Differences of 26 percent may be found in 
physical properties. 


It is common for different rolls of supposedly 
identical glass fabric to yield very different 
strengths when all other conditions were thought 


to be equivalent. In fact variations in strength 
have sometimes been found within a given roll 
of cloth. One cause for this difficulty can be 
traced to the application of the finish. If the 
heat-desized glass cloth has traces of alkali 
on its fibers, the properties of the finishing 
treatment are adversely affected. The sized 
glass cloth algo can deteriorate if adequate con- 
trol of the temperature in heat cleaning is not 
maintained, For example, woven glass cloth 
that has been heated up to 675° F will loge 30 
percent or more of its original strength. 


All these variables tend to discourage the 
designer of structural, reinforced-plastic 
radomes, since it is difficult to arrive at de- 
pendable design values. As with other struc- 
tural materials, the ultimate strongth of glass 
fiber laminates is reduced by cycles of repeated 
or reversed loada. 


The application of stresses as low as 75 per- 
cent of the instant ultimate stress will result in 
failure if the time of application is sufficiently 
long, The variation of time to failure with the 
amount of applied atress is not well defined. 


Table 8=VI. Typical Mechanical Prope.ties of Parallel Laminated (1/8=inch Thick), Penelivdleat Low-Presaure Lamineted, 
Glass Fabric Bese Plastic Material 
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182 43,000 
183 48,000 
184 43,000 
143 80,000 
20,000 




















wet 


40,000 
40,000 
40,000 
75,000 
18,000 





Dry 


112 40,000 38,000 33,000 
116 = 40,000. . 38,000 80,000 
128 = 40,000 +=: 98,000 23,000 
162 40,000 38,000 16,000 
164 40,000 38,000 16,000 
120 40,000 38,000 33,000 
181 40,000 38,000 35,000 


92,000 
30,000 
26,000 
48,000 
20,000 





Wet Dry. Wet Dry = Wet 
30,000 50,000 45,000 2.6 2.5 
27,000 46,000 39,000 2.6 2.5 
21,000 45,000 39,000 2.6 2.5 
14,000 33,000 29,000 2,2 2.1 
14,000 33,000 29,000 2.2 21 
30,000 80,000 45,000 2.6 2.5 
30,000 60,000 45,000 2.7 2.5 
29,000 45,000 40,000 2.6 2.5 
27,000 45,000 40,000 2.6 2.6 


23,000 
43,000 
18,000 








45 ,000 
90,000 
25,000 








40,000 
18,000 
20,000 


2.6 
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2.6 
4.6 
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Mechanical properties of polyester laminates 
are commonly obtained on sheets i/8 to 1/4 
inch thick. Tests have shown, however, that 
tensUe, compressive, and Ml. xuial propertieo 
are significantly lower for very thin sheets, 
particularly below about 1/16 inch thick. Some 
solid wall radcmes aro in this range aid the 
designer must take this effect into account, 


The use of 181-weave glass cloth, commonly 
employed inthe manufacture of aircraft parts, 
is fairly standard for testing and evaluating 
various laminating resins. Most data on the 
strength of reinforced laminates made with this 
fabric and various resins have been published, 
For the last six years, 181 cloth has been used 
in the manufacture of radomes and vuther struc- 
tural aircraft pasts. It has the following advan. 
tages. It has good drapability for compound 
curves, It iy relatively thin (0.0085 inch) so 
that it may be used to advantage in thin or thick 
laminates, H ‘is nearly equal in strength in 
both the warp and fill directions; there are 57 
warp yarns and 64 fill yarns per inch, Fill 
yarns are parallel to the length of the roll and 
warp yarns are perpendicular to the length of 
the roll. In comparison with other weaves 
it has high strength in relation to its thickness 
and weight, 


ft ls also recognized that the finish on the 
glass cloth playa a significant role inthe ulti- 
mate mechanical properties of woven-glass 
reinforced laminates, In general, Volan A and 
Garan has been approved under MIL-F-0118, 
and a great deal of data on 181-Volan with 
polyester resin has been accummulated, 


With phenolics and epoxies 181 NOL finish 
has shown considerable merit, but this finish 
has not been finally approved under MIL-F-9118, 
Table 8-VU, extracted from an article by 
Silver and Erickson /2 of NOL on the influence 
of finish on the mechanical properties of 181 
ylass-reinforced laminates with P.43 (a poly- 
ester resin), Epon 828 (an epoxy resin), and 
BV-17085 (a phenolic resin), is presented to 
ilustrate this point. A considerable amount of 
research and data on plastic laminates has 
been reported by Forest Products Laboratory 
and Wright Alr Development Center(see Refer- 
ence 59 throvgh 69). 


Under sponsorship of Wright Air Development 
Center, Bureau of Aeronautics, and the Civil 
Aeronautics Administration, Forest Products 
Laboratory has developed methods of theoreti- 
cal analysis of plastic laminates and sandwich 
consiructions to aid the design of structural 
aircraft parts. In addition, Forest Products 
Laboratory, in cooperation with members of the 
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armed services and members of aircraft com- 
panies on the ANC-17 Panel, has issued the 
ANC-17 Bulletin "Plastics for Aircraft.” 70 
This puiietin nas ali the latest approved data on 
Properties and criteria for use in designing re- 
inforced plastic structures for aircraft, and is 
recommended for any design data. 


As would be expected, the physical properties 
of glass-reinforced laminates vary with tem- 
perature. Some data are available on the in- 
fluence of temperatures as low as ~-70° F which 
indicate that mechanical propertios of glass- 
fabric reinforced laminates generally improve 
as the temperature becomes lower, (2: (3, 7 
The increase in strength varies both with the 
type of resin and the property involved. 


Polyester resins for low pressure laminating 
conforming to Specification MIL-R-7675 (Ref- 
erence 75) possess a wide range of strengths 
at temperatures as low as 200° F, Woven glass 
laminates made with polyester resins, in gen- 
eral, lose most of their strength when exposed 
to temperatures over 200° F, Relatively few 
polyester resins will give laminates that main- 
tain 50 percent of their strength at temperatures 
asp high as 300° F, 


A considerable amount of research has been 
conducted on heat-resistant laminates fabricated 
from glass cloth and silicone triallylcyanurate, 
and phenolic resing,44 + Table 8-VII 
compiled from data extracted from a Wrig 
Air Development Corter Technical Report by 
J, Wier and D, Pons,*5 indicates the strength 
that woven glass cloth laminates can maintain 
at temperatures up to 700° F after 1/2 hour 
exposure at the temperature of test, Table 
6-IX gives properties of glass cloth laminates 
with silicone resin DC-2106, 


The outer skins of a sandwich radome usually 
determine tts elastic and strength properties; 
the center lamination, or core, serves to sep- 
arate the facings and to restrain them from be- 
coming elastically unstable. The facings are 
therefore usually made of strong, rigid ma- 
terials having a high modulus of elasticity and 
the cores of light materials having only suffi- 
cient elastic and strength properties to accom- 
plish thelr purpose. Most radomes of sand- 
wich construction can be analyzedas a three-ply 
laminate in which the mechanical properties of 
the core are very different from those of the 
facings. In the determination of the mean 
elastic and strength properties of such a con- 
struction, the interaction between the core and 
the facings is considered, as well as their re- 
spective mechanical properties. The materials 
of the core indthe facings will ba considered to 








Toble 8=VIT. Ultimate Flexural Strength (12 Plies of 181 Style Glass Cloth Lominetes with Various Finiahes — Puralle! 
Laminated - Toasted in Langitudine! Direction} 66 


| Polyester Epoxy Phenolic | 


ag nee P-43 Epon 828 __BY-17085 
Finish Wet % Resin Resin Dry Wet Resin Dry Wet 4% Resin 
181-112 47,800 31,700 30.2 73,000 53,000 30.6 62,000 30,000 29.8 
181-136 76,100 65,900 32.7 73,100 63,300 32.7 55,000 27,800 29.4 


181-Volan 86,600 66,900 28.1 89,000 79,600 31.0 76,600 75,500 29.2 
181-Garan 89,200 71,800 32,2 74,400 65,600 31.4 44,600 47,200 29.4 
181-NOL 94,200 665,100 29.1 98,300 91,000 26.5 98,500 99,600 29.3 








Toble 8-VIIT. Average Ultimate Flexural Strangth, Modulus of Elasticity, and Loss in Weight (Hoot Resistent Laminates of 18) Gloss 
Cloth Tested of Temperature After 0.5 Hour at Temperature) 















; Silicone Phenolic Triallylcyanurate 
emperature DC-2104 CTL-91-LD Laminac 4232 
SP ERIS cutee SERN ASSO uae oth fea ee 

80 25,000 2.3 - 62,500 4.2 - 39,800 3.0 

300 13,100 1.8 0.1 89,700 3.8 - 42,300 2.8 

400 10,400 1.9 0.2 58,500 3.9 1.9 42,400 2.8 

500 9,000 1.8 0.2 §1,000 3.6 1.8 32,400 2.6 

600 8,600 1.8 0.2 45,700 3.6 2.8 22,800 82.3 

700 7,600 1.6 0.5 32,100 3.3 6.5 10,100 1.6 





*Loss in weight based upon resin 


Table G=1X, Properties of Silicone Resin DC~2106 and Gloss Cloth Lominete (Estimated Resin Content 40 Percent) 


Room 500° F after 
Temperature 1/2-hour exposure 


Tensile’ Strength (pai) ; 53,900 31,100 
Compreasion Strength (pai) 23,800 6,280* 
Flexural Strength (psi) 41,000 15,500 
Flexural Modulus (pai x 108) 2.6 2.1 


Specific Gravity: 1.93 


Water Absorption 


(percent in 24 hours): 0.10 





* At 376° F 
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be orthotropic and oriented so that the natural 
axes of all three plies are parallel to each 
other, thus forming an orthotranie laminate, 
In the design of sandwich radomes, material for 
the facings is chosen that will be acceptable 
both from an electrical and structural stand- 
point. 


For design data and test methods on sandwich 
fabricated with glass-reinforced laminate faces, 
the AIA Reports, MIL-STD~401 (References 76, 
77, 78) and ANC-23 Bulletin on sandwich con- 
structions for aircraft are recommended. 


N.A.C.A. and Forest Products Laboratory 
have also issued a number of reports on desijrn 
Rnalyseis aud various physical properties (Retf- 
erences 35, 36, 37, 92, 93). 


A greatdealof research and development work 
on honeycomb or foamed-in-place core sand- 
wiches with woven glass skins for specific ap- 
plications, which has not been reported in the 
literature, has been carried out by various or- 
ganizations. . 


Some data on. high temperature sandwiches 
have been reported in Wright Air Development 
Center Technical Report 54-249,45 


SECTION F. FABRICATION METHODS FOR PLASTIC RADOMES 


B-24. Methods of Fabricating Radomes 


MIL-R-7705A (ASG) of 12 January 1955 out- 
lines the procedure to be followed by the fabri- 


cator in obtaining approval of his materials 
process specification. Related Federal and 
Military Specifications are listed. Usual meth- 
ods of fabricating various types of radomes are 
given in Table 8-X. 


Table 8=X, Usual Methods of Fabricating Types af Radomes 















Rudome Type 
olid 


Method 


thin bag 
half-wave bag or matched die 


type B- bag, matched die, 


lathe-turned 
"A" Sandwich 
foam-in-place matched die 
honeycomb bag 
pre-formed core bag or press 
ultiple "A" 
heat de-iced bag 


broadband matched die or bag 


Half-Wave Sandwich bag or matched die 


* GF: glass fiber cloth 








GF* or nylon laminate 
GF with heat-resistant resin 


GF with heat-resistant resin 
and pigments 





GF laminate polyurethane foam core 


GF laminate, GF phenolic- 
core cell walls 


GF laminate, foam core 


GF laminate, fluted GF core 
foam or honeycomb core 


GF laminate, loaded foam with or without 
honeycomb partitions 





\ 


8-25. Bag Molding 


A typical vacuum bag molding process has as 
the principal steps: (1) preparation of resin, 
fabric, bearing blocks, and inserts; (2) lay-up 
of the fabric in a prepared female mold or on a 
male mold; (3) climination of air; (4) cure of 
the outer skin layers; (5) incorporation of 
bearing block inserts; (6) preparation and in- 
corporation of core (in sandwich construction): 
(7) lay-up of inner skin layers; (8) second 
cure; (9) permissible repairs; (10) trimming; 
(11) post-cure when required; (12) finishing; 
and (18) identification. 


Preparation of Resin, Fabric, Bearing Blocks, 
and Inserts. 


. 


In preparing the resin, the amount and type of 
catalyst recommended by the supplier is thor- 
oughly dispersed with a mechanical agitator, 
avoiding the incorporation of excess air. Unless 
it is to be refrigerated, only enough is prepared 
to meet 8 hours requirements. 


The glass fabric, cutto approximate size, is 
immersed in a iank uf caialyzed resin and 
soaked until thoroughly saturated, as indicated by 
uniform color. It is then removed and the ex- 
cess resin squeezed vu unlli the fabric contains 
9545 parts of resin for every 100 parts of 
fabric by weight. It is stored on a revolving 
roll or stretched on flat aluminum cauls or a 
cellophane-covered bench, and covered, in each 
case, with cellophane until time of use. Then, 
as each piece of fabric is removed for lay-up 
it is checked to remove resin "pools." Figure 
8-5 shows the machine impregnation of fabric 
before cutting. 


In general, bearing blocks are laid up in the 
form of belt sections around the circumference 
of the radome. After premolding they are 
machined to the correct dimensions. 


To meet the requirements of MIL-F-8013, 
laminate voids must be eliminated to the extent 
presently obtainable with good commercial 
workmanship, In solid-radomes this limits the 
thickness that can be laid-up in anyone molding 
operation to about 1/8 inch. 





Figure 8&5. Machine impregnation of Fabcic (By permission of North Amevicon Avietion, Inc.} 
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Lay-up of Fabric in Mold. Generally, the 
woven glass cloth, after tailoring, is laid upon 
the surface of the male mold or in the female 
portion of the mold after coating with a parting 
agent, Most parting agents used are waxes 
such as carnuba, lacquers based upon cellulose 
acetate or vinyls, or silicone oils or greases. 
They are usually applied by brushing or spray- 
ing. 


In the lay-up ofthe skin layers each piece of 
fabric is worked tightly to the mold, templated, 
and cut to avoid wrinkles. In some cases pieces 
must be butt-jointed. Otherwise a joint 3/4-inch 
wide +1/4-inch ig used, the number kept to a 
minimum, and the joints staggered to avoid an 
excess of crossing over other joints. 


The following faults in molding technique 
have been noted. In one radome, lap joints in 
the glass cloth of the skins were allowed, and 
considerable freedom ag to their number and 
location was permitted. This procedure pro- 
duced electrically unsatisfactory radomes. 
For this case the joints should haye been butt 
joints; theix number should have been reduced 
to the minimum by means of careful lay-up 
and tailoring. All butt joints should have been 
spaced or stapgered to avoid planes of weak- 
ness. The lay-up technique has to be carefully 
planned and laid out for each radome. The 
widest fabric should be employed and more use 
should be made of deformable fabric construc- 
tions, such as satin-weave, or special woven or 
sewn-fabric lay-ups that matca the contour of 
the radome. Once the lay-up design is complete, 
it should be specified in detail and inspection 
should insure that it is adhered to during fab- 
rication, 


In another radome, fabricated by bag mold- 
ing, the vacuum bag was badly fitted; this re- 
sulted in creases or depressions in the surface 
of the laminate. The effect of surface wrinkles, 
creases, butt and lap joints, und high and low 
resin content on properties of laminates has 
been dgvestigated by Forest Products Labora- 
tory, This report indicates that all these 
factors are generally detrimental to the vari- 
ous physical properties of the laminates and 
should be kept to a minimum. 


Elimination of Air, Some of the methods of 
eliminating air to obtain a void-free condition 
comprise: (1) vacuum wiping; (2) prewiping; 
(3) gelation of resin in fabric impregnation; (4) 
use of a perforated caul. For vacuum wiping 
the proper number of plies are placed in the 
female cavity, exceas resin and air are stroked 
out, and the laminate is covered witha trans- 
parent layer of polyvinyl alcohol film, around 
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the edges of which runs a porous vent-fabric 
leading to vacuum lines. Then, with contoured 
wiping tools, excess resin and air are wiped 
from the center of the laminate to the vents un- 
til no air huhbles or fihara are visthle to tho 
eye. It is an essential part of the technique 
that there is a continuous liquid seal of resin 
between the covering cellophane and the lamin- 
ate. Tho layers of glass cloth have a natural 
springiness, but, provided the seal is intact, no 
air will enter. If a pinhole is made in the 
cellophane, or if a strand of glass fiber extends 
across the seal, air will enter the laminate very 
rapidly, and it cannot normally be swept out 
again because the excess resin has been pre- 
viously removed. The number of plies of glass 
cloth should be carefully controlled so that the 
amount of resin squeezeout or runoff is such 
that the percentage of resin in the final lamin- 
ate is 38 +2 percent. 


In the prewiping process, the air is worked 
out prior to lay-up inthe mold, while the layers 
of impregnated cloth are stretched out on a 
hard, smooth surface. Wiping can be dispensect 
with if pre-impreynated fabric, prepared in 
such a way that the resin is brought to a semi- 
gel state under conditions which eliminate en- 
trapped air, is used. 


A perforated molding caul is usually a fiber 
glass laminate about 1/92. inch thick or a 1/16 
to 1/8 inch thick contoured flexible rubber 
sheet. The perforations are 3/32 to 1/8 inch 
vent holes on 1 1/2 to 2 inch centers. Both 
sides of the caul are coated with a polyvinyl 
alcohol solution. The cau is placed to cover 
the laminate. A layer of coarse fubric is 
placed over the caul for venting of air. Over 
this is placed cellophane and then a rubber hag, 
Vacuum is drawn and held up to 30 minutes to 
eliminate air prior to curing. 


In moat solid radomes, it is desirable to have 
transparent, void-free laminates, This type of 
laminate is produced by sweeping out all the air 
bubbles with an excess of resin, keeping the 
number of lap or butt joints toa minimum, and 
curing the resin ata relatively low temperature 
so the refractive indices of the polymerized 
resin will be very close to that of the glass 
cloth, If a high temperature in the range of 
225 to 2509 F anda high rate of cure are used, 
the refractive index becomes higher and the 
resultant laminate will be opaque and slightly 
white in color. 


If heat is applied at too high a rate, bubbles 
appear throughout the laminate. Some believe 
that these voids are due to expansion of air 
dissolved in the resin; more probebly they are 








\ 





bubbles caused by vaporization of the free 
styrene in the polester resin, possibly with 
some oxygen bubbles caused by catalyst decom- 


position, It has haen cheerved that avan after 


gelation at low temperature, when the laminate 
is rigid enough for removal from the mold, 
further heating at 200° F still produces voids, 


There is no reliable data available that shows 
any significant difference inthe strength of the 
transparent and opaque laminates. However the 
transparent laminates appear to be desirable 
for quality control, since a quick visual inspec- 
tion will show any defects in the radome. 


Cure of Outer Skin Layers. Curing of the 
laminate {s conducted by the temperature-time 
cycles recommended for the resin. An ascend- 
ing temperature cycle is employed, and is 
timed in a manner to avoid vaporization. After 
cure, the bag is removed and the skin is care- 
fully inspected for defects. 


Incorporation of Bearing Block Inserts. Be- 


fore incorporation of the bearing blocks or lay- 
up of a core of additional skin layers, the inner 
surface is first sanded and then treated with 
avery light coat of resin. The dimensioned 
bearing blocks and inserts are then put in place. 
If a preconstructed core is to be used, it is in- 
serted at this time, Otherwise, the inner skin 
layers are added and processed in the same way 
as the outer layers. 


Core Construction, The following is a tech- 
nique for incorporation of a honeycomb core: 
the flat or preformed sections of impregnated 
honeycomb are transferred to the partially con- 
structed radome in the mold and crowded in 
tightly to form locking joints. If the radome has 
reverse curves and the core is not preformed, 
flat core sections are pressed against the curv- 
ature and the assembly is cured inplace locally, 





Another type of core material, developed for 
de-iceable airborne radomes, is a fluted core. 
The flutes usually consist of thin, U-shaped 
channels of 112 or 120 glass cloth impreg- 
nated with resin and cured, 


In the process developed and used by the 
Douglas Aircraft Company, glass fabric im- 
pregnated with resin is wrapped over rectan- 
gular-shaped wax mandrels, which are thea 
carefully laid together so as to form a core 
structure of the required thickness, After the 
skins and core have been bonded together and 
cured at low temperature, the finished radome 
lg gently heated so that the wax can be melted 
out. The method has great utility for de-ice- 
able radomes, since the cavitles left by the wax 
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Figure 8=6. Fluted Core Chin Radome (By permission of 
Bruswick~Balke~Collender) 


form the necessary air channels, There is 
some doubt as to whether sufficient support is 
given to the face skins by the larger size of 
corrugation, and the rain erosion resistance 
has been shown to be very poor. A slight dis- 
advantage of the Douglas system io that the 
wax mandrels must be melted down and re- 
shaped for each radome. There is no specifi- 
cation on this type of core material, and no 
published reports on the process or strength 
of the resultant sandwich, Figure 8-6 shows 
a fluted core chin radome, 


Greater pressure may be needed to laminate 
fabric socks or to overcome the resistance to 
curvature of thick sections of honeycomb, 


If pressure molding with a mating inner die or 
an inner pressure bag is to be used, the steps 
up to this point are essentially the same. The 
cure cycle for press-nolded parts will depend 
upon the mold construction, mold material, and 
part construction, References 80 through 83 are 
suggested for additional information on molding 
processes, 


Trimming. After completion of all molding 
operations, the radome may be trimmed, using 
the flanges of the mandrel] or a suitable trim 
fixture as a guide. Prior to finishing, the com- 
pleted radome ts inspectod for defects. 


Permissible Repairs. Allowable or repair- 
able defects are Neacribed by MIL-P-8015 and 
MIL-P-9400, Blisters are repaired by punctur- 
ing, injecting resin, applying pressure unti) 


cured, and then are lightly sanded, Areas lack- 
ing resin are given an additional coat of resin. 
Excessive thickness buildups are removed by 
grinding provided the reinforcing plies are not 
disturbed. 


Post-Curing. For radomes to be used above 
200° fF, post-curing is usually necessary to re- 
move constituents capable of vaporizing with 
resultant damage to the laminate. The post- 
curing time-temperature program, which canbe 
obtained from the resin supplier, is planned for 
an ascending scale of temperatures in the 
shortest time that will not cause blistering or 
crazing, The product usually darkens wider 
these conditions, but this is of no importance. 


Finishing. If application of an erosion-resis- 
tant Tiniah is called for, this is the next step. 
With care being taken not.to expose the fabric, 
the glaze of the surface film of resin is re- 
moved with light sanding, After removal of 
sanding dust, any erosion resistant coating con- 
forming to MIL-C-7438 may be appHied. 


-ifter inspection of the finished part, radomes 
which have been accepted are labeled in accord- 
ance with the purchaser's prints or other appli- 
cable specifications. Crating is normally reg- 
ulated by specification, 


Figures 8-7 through 8-10 illustrate some of 
the steps in the vacuum bag molding of a chin 


Position radome for the installation of the AN/ 
APS-20E search Radar under the Royal Canadian 
Air Force Maritime Reconnaissance, Canadair, 
Timited,) CL-28 Version of the Bristol 
"Britannia." Figure 8-7 shows the two mirror 
image mold halves, at the time of manufacture 
the largest aluminum pressure castings yet 
made. Electrical strip heaters provided on the 
back of each half are wired to a programming 
console of timers and relays. The castings 
were impregnated from the back face with an 
anaerobic silicone resin, while the front face 
was treated with Garalease 915. Other sult- 
able parting agents available included Vegin AC, 
Dow-Corning DC-4 and DC-7 and L3X426 
Micostrip. 


In Figure 8-8, (the outer skin having been 
cured, sanded, coated with uncured resin mix, 
and the bearing block molding, installed) 1 1/4 
inches thick, 1/4-inch cell, uncured, resin- 
dipped Hexcel honeycomb core is being fitted 
tightly into place, The construction provides 
for the retraction of the nosewheel through 
doors in the aft end of the radome., 


In Figure 8-9 the moldhalves have beenalined 
optically and assembled, and the completed 
honeycomb sandwiches spliced longitudinally 
without electrical discontinuity. The edges, 
bearing blocks, inserts, and nosewheel door 
frame areas will be given their final trim in 
the mold, but first the radome wil! be removed, 





Figure 8-7, Pressure~Cest Aluminiia Split Meld (By permission ef McMillon industrial Corp.) 
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inspected, and rough-trimmed. In Figure 8-10 
it is seen temporarily out of the mold for rough 
trimming. 


Figure 8-11 illustrates spray application of a 
rain erosion protective coating. 


8-26. Matched Tool Molding 


Matched tool molding processes are generally 
employed for radomes based upon (1) foamed- 
in-place cores; (2) sharply curved thick honey- 
comb; (3) preformed mats; or (4) molding com- 
pounds, 


Foamed-in-place Cores. The use of a foam 
core for sandwich radomes intrigued early 
workers, since it offered possibilities of re- 
ducing the amount of labor involved in laying- 
up the honeycomb core, ag well as improving 
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Figure 6-9. Sandwich Redeme Reedy for Triwming (By 
porntasion of Mcitillen Industrie! Corp.) 


— 


Figure 8-10, AN/APS-20E Radome After Preliminary Trim and 
Inapection (By permisaion of McMillan Industrial Corp.) 


the bond strength and reducing the electrical 
variations because greater uniformity in the 
sandwich construction could be achieved. 


Early investigations consisted of trying to 
foam polyester resins with carbonates or other 
gas-producinp chemicals. While these foams 
were a atep in the right direction, they were 
generally unsatisfactory because they would 
not rise and fill the cavities of very large 
radomes, and were nonuniform and too dense 
to give satisfactory properties for most 
radome applications. 


At the end of World War II, a Hycar rubber 
foam wag produced commercially that had good 
uniformity, density, and elecirical properties. 
This foam, however, could only be produced in 
blocks that had to be cut into desired thickness. 
The Hycar foam was somewhat thermoplastic 
and could be formed into compound curvatures, 
However, the use of a foarned-in-place core had 
more to offer, and after a considerable amount 
of research the first polyurethane core material 


to be extensively used was introduced in 1949 84, 
? 


Polyurethane foams are based upon the reac- 
tion of an ungaturated alkyd resin with an 
isocyanate, These types of foam are the result 
of a reactionof the free hydroxyl (-OH) and car- 
boxyl (-COOH) groups ofthe alkyd resin and the 
isocyanate to give a resin molecule of increased 
length and the liberation of carbondioxide gas. 
Thig reaction can be illustrated by the following 
pBeneral equation: 


R-COOH + R'NCO ~ RCONHR + COo 
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The chief advantage of the foamed-in-place 
core over honeycomb or other types of core is 
the ease of fabrication. The preparation of the 
foam involves no more equipment than a mixer 
and a temperature recording device; hence this 
part of the equipmeat is low cost. Intricately 
shaped structural sandwiches can be molded 
with ease. However, it must be realized that 
matched metal molds are required, Although 
these molds are not cheap, radomes fabricated 
by this method possess the following advantages: 
(1) Uniformity in construction: (2) Lower unit 
cost on large volume production: (3) Possibil- 
ity of making tapered wall thicknesses with 
greater control over final wall thickness. 


The greatest disadvantage in the use of 
foamed-in-place radome construction is the 
more cost!, tooling required. Usually, one 
set of metal or plastic tools is used to preform 
the inner and outer skins, After the skins are 
fabricated and inspected to determine their 
compliance with design thickness specifica- 
tions, the sanded skins are placed on a set of 
matched metal tools, usually mounted in a 
hydraulic press or on some type of lifting de- 
vice that will locate the male mandrel accu- 
rately with respect to the female cavity. The 
foaming mixture is prepared and then poured 
into the female portion of the mold containing 
the outer skin, and the mandrel containing the 
inner skin is lowered into place. Spacer blocks 
are used to maintain core thicknesses when the 
entire assembly is bolted together. Heavy 
molds ure required to withstand the pressures 
developed during the foaming reaction. If the 
mold is tightly closed, the pressure can reach 
100 pounds per square inch. After the foam has 
risen to fill the space between the skins, It is 
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Figure 6-11. Spraying Ereaion Costing (By permission of 
Brunswick-Setke-Collender) 


subjected to a cure cycle which develops its full 
physical properties. 


With foamed-in-place radome construction, it 
is possible to take full advantage of any thick- 
ent angles of incidence over the wall area. 
Thus, a vertical tapered-wall construction can 
be built into cach radome with no more effort 
than would be required for uniform wall thick- 
ness, 


The materials for producing foams can be ob- 
tained as two component systems commercially 
from such companies as Nopco Chemical Com- 
pany or American Latex Company, or the com- 
ponents can be purchased from the following: 


Tolylene Diisocyanate 


Amorican Cyanimide Co, &E, I, DuPont Co, 
Mobay Chemical Co, National Aniline Co. 
Pittsburg Plate Glass Co, Mobay Chemical Co, 


The foaming process that can be used with 
such resins as Selectron 5922 from Pittsburgh 
Plate Glass or Laminac 4231 from American 
Cyanamid, and tolylene diisocyanate from the 
above sources, 19 as follows. 


1, A weighted amount of resin is poured into 
the mixer, 


2. For every 100 parts of resin by weight, 


‘65 parts by weight of tolylene diisocyanate is 


added slowly to the resin. If the tolylene 
diisocyanate, which hag a viscosity in the same 
range as water, is added all at once to the alkyd 
resin, it floata on top of the resin, forming a 
distinct phase, and splashes out when the mixer 
is started, Therefore it is necessary to add the 
tolylene diisocyanate in about four or five por- 
tions at 3 to 4 minute intervals. The mixing of 
the tolylene diisocyanate and the alkyd resin 
into a homogeneous blend takes 20 to 26 
minutes at 75" F, 


3. The reaction between the foaming agent and 
the alkyd resin is very exothermic, It is nec- 
essary to keep the batch at a temperature of 75 
to 85° F at all times by the addition of crushed 
dry ice, If the temperature is allowed to reach 
95” F, the reaction will proceed so rapidly that 
the entire foaming reaction will be completed in 
a few minutes without any control. 


4. After the tolylene diisocyanate has been 

completely blended into Selectron 8922 or 
Laminac 4231, 2 to 9 percent by weight of di- 
tert-butyl peroxide catalyst, based upon the 
resin, is added to the: mixture. 


5. As the reaction proceeds, the viscosity in- 
creases, After 35 minutes of total mixing time 
the viscosity of the mixture is taken at 3 to 5 
minute intervals until a viscosity of approxi- 
mately 1,500 poises at 80 to 85° F is reached. 
Thie visenaity te uaually raached after 46 tn 
55 minutes of total mixing time. At this time 
8 to 10 percent by weight (based upon the resin) 
of Aerosol-Acetone solution is added. This 
solution contains 10 percent of Aerosol OT in 
90 percent of dry acetone, 


6. Mixing is continued until a viscosity of the 
mix is reduced to approximately 500 polses. 
The foam ig then poured into the mold. The 
mold is then closed and the foam cured for 1 
hour at 150 to 160° F; for high temperature 
foama an additional cure of 2 hours at 300° F 
and 4 hours at 400° F is needed, 


To obtain any desired dengity of foam core 
material, the following calculations canbe used, 


1, Determine volume of the cavity or wall 
thickness of the sandwich in which the foam is 
to be used, 


2, Using the following relationship 
pD=® w-pDv 


where D = density, W = weight, and V = volume, 
the weight in pounds of foaming mixture re- 
quired iz calculated. This includes both resin 
and diisocyanate, 


$, Calculation of correctamount of each com- 
ponent is then made by using the resin-dilsocya- 
nate ratio applicable to the resin employed, 
For Selectron 5922 and Laminac 4231, the ratio 
ig 100 to 85. Thus for each 100 parts of resin, 
86 parts by weight of diisocyanate is used, 


For example, to obtain a 6 pounds per cubic 


foot density foam as described above, the fol- 
lowing calculations were made, 


1. Core for square test panel, size: 16 x 16 x 
5/8 inches = 160 cubic inches = 0.0926 cubic 
foot. 


2. De® 


Ww 
6 * y 0986 


W = 0,556 pound or 252.4 gramsof mater- 
jal required 


cr 





3, For Selectron 5922 and Laminac 4231 a 
ratio of 100 parts resin to 85 parts diisocyanate 
is used. The weights to be used are, therefore, 
regin — 136.4 grams and diisocyanate — 116,0 


A general formula is given belowfor calculat- 
ing quickly the necessary amount of resin and 
diisocyanate needed to obtain any desired den- 
sity. Only the volume of the cavity of the sand- 
wich need be known, From the equation W = 
V x D the total weight of material required can 
be found from 


Volume of core (cu. in.) 
1728 (in. per cu. ft.) 


x Density (Ibs. per cu. ft.) (8-1) 


Ww 


x 4654 (g per lb.) 
or 
W = Volume of core x Desnity x 0.263 (8-2) 
or 


W = VxD «x 0.263 total weight (8-3) 


The resin-diisocyanate ratio is 100 to 85 or on 
a percentage basis, 


100 g resin 
85 g diisocynate 


185 ¢ 


100 
Thus percentage of resin = 166 x 100= 54.05 


18 


Since Equation (8-3) gives the total weight re- 
quired, the weight of resin in grams required 
therefore equals: 


Percentage of Diisocyanate = int x 100 = 45.98 


W = VxD x 0,263 x 0.5405 
(8-4) 
= Vx D x 0.1422 


Similarly, the required amount of diisocyanate 
{s found from 


W= Vx D x 0,263 x 0.4595 
= W~D x 0.1208 


Reference 87 describes a partially pre-ex- 
panded foam core structure that may be fab- 
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ricated so that its final expansion pressure 
bonds it to skins in a matched-die mold system. 
A completely pre-expanded foam may be em- 
Ployed with the same bag molding process de- 
tails as the conventional honeycomb core. It is, 
in fact, a conventional honeycomb core having 
each cel! filledwith an aluminum-powder loaded 
resin composition, partially or completely ex- 
panded as may be required. The entrapment of 
the loaded foam within discrete partitions pro- 
vides a freedom from dielectric orientations, so 
that a sandwich made with this core, in place of 
the heavier solid half-wave or solid type B wall 
constructions, is suitable for use where severe 
polarization or boresight restrictions are nec- 
essary. 


While there are numerous other methods and 
variations thereof for matched-die molding, it 
is only possible to treat at this time several of 
the principal ones, namely, preform molding; 
vacuum injection (Marco patent); and com- 
pression, pressure injection, and transfer 
molding, 


Preform Molding. In the usual preform mold- 
ing process, the male die is heated, the unim- 
pregnated preform is dropped over it, and the 
resin mix poured onto the top of the preform, 
The press brings the male and female dies 
together, the movement becoming slower as the 
stops at the final matched position are 
approached so that preform air will have time 
to escape. When the resin has finally displaced 
the air, the resin appears as a flash, 





Only moderate pressure is required to reach 
the stops if the preform weight is proper, If 
pressure is light it may be found later that air 
is trapped in the product or that thereare resin- 
rich areas which may crack. If the pressure is 
above normal, resin-starved areas may be 
created due to excessive preform weight,8 
Gelling before the press is closed may prevent 
the resin from reaching the bottom of the pre- 
form, A wrinkled product may be due to a 
poorly fitting preform. The lower strength of a 
preform molding, compared with a fabric lam- 
inate, has limited its use to thick sections, as 
for the half-wave construction. Where specifi- 
cations permit, a chopped fiber preform such 
as that shown in Figure 8-12 may be suitable. 


Marco Vacuum Injection, Since a press is not 
needed, very large parts may be made by the 
Marco vacuum injoction process, The matching 
dies are fitted together easily, as the bulk of 
the preform is kept low, The lower open edges 
of the two dies are Immersed in a peripheral 
trough containing resin mix. A vacuum line at 
the highest point in the upper die gicks the resin 








Figure 8=12, Moking a Chopped Fiber Preform (By parmesion 
of Bruns wick=Balke~Collender) 


up through the mold cavity, With proper pre- 
form density, air removal is very good, but if 
lay-up of the preform is poor the relative dis- 
tribution of glass and resin in the product is 
variable. When strength and uniformity re- 
quirements are high, the use of the process for 
alrborne radomes is limited, References 81 
and 62 contain additional information onpreform 
and vacuum Injection molding, 


Knitted or woven fabric has been used, Both 
gravity-distributed and vacuum-injected resin 
distribution hag been employed with knitted 
socks. The recent availablity of seamless 
woven fabric socks has led to study of their use 
in pressure closed matched dic systems with 
and without pre-impregnation, With proper 
product design the very strinvent strength and 
dielectric uniformity requirements of missile 
and other supersonic radomes should be more 
readily met with seamless woven sock lay-ups, 


Compression, Pressure Injection, and Trans~ 
fer Molding, The details of the compression, 
the pressure injection, and the transfer molding 
processes are too well known throughout the 
plastics industry to require dec vription here,81 
It is sufficient to say that matched-die com- 
preasion molding has been successfully em- 
ployed in the manufacture of small missile 
radomes, while transfer molding and pressure 
injection molding have provided precision con- 
trol, density, and low cost for the production of 
antenna fed pressurizing covers, 
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Production of radames by matched tool pro- 
cesses is shown in Figures 8-13 and 9-14, Fig- 
ure 8-13 shows polyurethane foam ingredients 
being mixed by an operator wearinp, a gas mask, 
In Figure 8-14, he is pouring it through ascreen 
intu a female die in which the outer skin rerts. 
already cured, The male die, seen above it, is 
covered with the cured inner skin. 


8-27. Lathe Turniny, 


Some manufacturers deducedthat lathe turning 
might be sulted to missile radame manufacture. 
Just as pround lenses are more accurate than 
molded ones, i was expected that turned and 
round radumes would provide more uniform 
microwave characteristics than molded ones. 


After jiving considerable attention to die aline- 
ment techniques, other manufacturers have used 
matched molds, However, the necessity of 
udjustin, radome wall thickness to the small 
chanpes in dielectric properties that oecur trom 
bateh to butch, ts a problem, und the placiny. of 
a pressure duct inthe wall is not as easy as in 
the bap molding process, used as an adjunet to 
fathe turning, Of course, a matched-die imold- 
ing could be lathe finished, . 


Inthe usual process.t male mandrel is wrapped 
with resinemix impregnated,  woven-pluss 
fabric sucks or pattern-cut flat pieces, 





Figure 8~13, Mixing Polyurethane Foam (By permission of 
Brunswick=Balke=Collender) 
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Figure B=14, Pouring Fo-m Into Matched=fle Mold (By permis- 
sion of Brunawick=Balke=Collender) 


Naugatuck Chemical triallyl cyanurate resin, 
Vibrin 136, has been selected for high temper- 
ature strength and electrical characteristics, 
The total wall thickness is built up in a number 
of curings, and a transparent polyvinyl alcohol 
bag is used to facilitate wiping until the resin 
gels to attain freedom from voids, Ags each new 
series of layers is added, the outermost cured 


layer of the previous series is peeled off to 


provide a bonding surface. 


The total number of layers is planned so that 
the final lathe grinding operation will not cut 
through any layer, To make this easy, the last 
group of layers is molded on a lathe cut base 
which will allow them to lie parallel to the final 
surface, 

\ 

When, the final outer surface has been ground, 
the radome is transferred tothe surface finish- 
ing station, where it is rotated horizontally 
under heat lamps while a very thin coating of 
resin mix {s applied. A boresight check may be 
performed just prior to finishing to determine 
whether any external thickness correction is 
needed, 


Larger missile noses have been corrected 
with internal patches. Two contractors are 
cnown to employ insert phase measurements 
to locate areas in need of correction, 
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Progress in electrical design techniques has 
énabled these radomes to assume. fineness 
ratios from 2.5 to over 4.0, and to possess 
pointed tips with apex angles less than 30°, 


Fabrication of the half-wave and of the type 
B walls is very nearly the same. from the 
molder's viewpoint, except that type B walls 
comprise two solid quarter-wave thick shells 
that are slipped into each other and bonded 
together, with a few thin bands of loaded di- 
electric sandwiched in shallow grooves in the 
ne shell, (See References 48, 49, 50, 58, 
83, 


In Figure 8-15 the lay-up of the fubric ts 
shown, In Figure 6-16 it is shown being en- 
ca.ed ina polyvinyl alcohol vacuum bag. En- 
trapped air is continually wiped out unt gelling 
occurs, as shown in Figure 8-17. The auto- 
matic grinding of the cured build-up in a dupli- 
cating lathe shortly before the addition of the 
final outer layers is illustrated in Figure 8-18, 
A final polish grind will be given to the outer- 
most surface. Tolerances of + 0.001 inch may 
be attained. The last step in the process will 
be the post cure, 


8-28. Tooling 

Reference 81 is suggested to the reader for 
information on factors usually governing the 
type of mold, mold materials, and the design of 
molds for various processes. In radome fab- 
rication the following factors, in order of im- 
portance, generally dominate in mold design: 
(1) part tolerances; (2) type of radome wall con- 
struction; (3) time available to tool-up; (4) 
quantity to be produced. Plaster, wood, plastic, 





Figure G—15, LayoUp of Fabric, Minsile Redeme (By permiseion 
of McMillen industeie! Corp.) 





Figure 8-16, Bagging Ley~Up, Missile Rodome (By permission 
of MeMilfon tndvatrio! Corp.) 





Figure 8=17, Wiping, Missile Radome (By permission of 
Melillen industrial Corp.) 


light sheet metal, and low density spray metal 
molds may be used to tool-up quickly if the 
first and second factors permit. However, if 
the quantity to be produced is so substantial 
that permanent cast or spun metal molds will 
be required, interim tooling must be regarded 
as an extra expense, Since part quality io the 
primary consideration in the radome market, 
product users generally prefer to invest in 
accurate permanent tooling. 
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Figure 8~18, Lathe Grinding, Missile Radome (By permission 
ef McMillan Industrial Corp.) 


Methods of mass production are treated in 
Reference 82, Much material, published for the 
plastics industry, is available, and the prospect- 
tive radome molder should evaluate it, bearing 
in mind the special requirement that large parts 
are to be molded with the accuracies usually’ 
specified only for small fittings, 


For some time the expense and the long tool- 
up time associated with matched dies confined 
their use to foamed-in-place molding. The 
evolution of supersonic aircraft and missiles 
has, however, brought with it the need for 
radome strength plus transmission quality 
suited to high accuracy radar. This is leading 
to increased use of solid walls and matched 
dies or lathe turning methods, 


A problem in fabrication with matched dies is 
that of maintaining the required tolerances in 
wall thickness in the scanned area of the 
radome. This problem is difficult to solve, 
since it requires extreme accuracy in the 
preparation and machining of the metal molds 
used in fabrication. Assume that steel has 
been machined at room temperature so us to 
give a cavity with a constant wall thickness of 
+0,.005 inch, which is no mean feat for large 
molds, If the molds are heated unevenly to 
250° F, the difference in wall thickness can 
theoretically vary another 0.010 inch, due to 
the difference in thermal} expansion of certain 
areas, After molding-in this error, the molded 
radome will shrink another few thousandths of 
an inch. If these errors are accumulative, it 
is conceivable that a 0,250-inch, solid-wall 
radome could vary as much as + 0.015 inch, 
One method of overcoming this difficulty has 
been to make the wall thickness oversize and to 
machine the glass-reinforced laminate wall to 
the desired tolerances, This is difficult to 


carry out unless the radome isa body of revolu- 
tion. 
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Figure 8=19. Ley=Up of Radome with Gless Fabric ond Epoxy 


Reuln (By permission of Goodyear Alrerott Corp.) 


The low density core sandwich constructions 
will remain important in the ground radar field 
indefinitely, and will continue to have a place in 
the aircraft field with subsonic aircraft or in 
low load areas in supersonic use, For this 
reason tooling for bag molding remains in the 
picture, 


Cast or spun metal molds are readily steam- 
or water-heated with jacketing or electrically 
heated with coils. Oven heating is less satis- 
factory but may be employed. Where pressure 
must be added to the effect of the vacuum bag a 
steam autoclave is convenient for large parts, 
while smaller parts may be pressurized by 
capping and pumping air into the mold cavity, 
the laminate being protected by the molding 
bag. 


Ovens should be of a convection type capable 
of operating at up to 300° F. They should be 
equipped with vacuum outlets and reasonably 
accurate temperature and vacuum gages. Auto- 
claves should be capable of applying 60 pounds 
or more of pressure. 


Metal molding cavities may be of spun or cast 
aluminum; chrome-plated steel; electro-formed 
nickel or other metal which gives suitable finish 
to, and parting from, the molded part. The sur- 
face of the cavity must be free of pits or 
scratches which would break the surface film 
of resin on the radome. It must be checked 
periodically for contour with templates and 
jigs, and the mold itself must be adequately 
supported to avoid distortion, 
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Cast resin and other types of molds must at 
least temporarily give substantially the same 
end result as metal molds. Glass fabric cay- 
ities are generally laminated with heat-resis- 
tant phenolic or nolyeater resins to 2 thickness 
of about 1/2 inch. The lay-up of 2 section of 
a large radome mold, using glass fabrics and 
epoxy resin, is shown in Figure 8-19. 


Distensible rubber bags are generally between 
1/16 and 1/8 inch thick, A compound commonly 
used has been Tyer Rubber Company No, 258. 
Non-distensible bags may be of Reynolds 
polyvinyl alcohol film or of neoprene-coated 
fabric such as DuPont Fairprene No, 5013. 


Spray metal process construction of a female 
die for bag molding is illustrated in Figure 
8-20, The metal is being applied directly toa 
mock-up of the part, 


In Figure 8-21 a pressure-cast aluminum 
female die is being checked withan assemblv of 
metal templates. Feeler gages are fitted be- 
tween the template edges and the die surface. 


The mounting edge of a radome which has been 
clamped into a trim fixture is being diamond- 
wheel ground in Figure 8-22. 





Figure 8=20, Spraying Metal or Mold Petter (By permission of 
Brunswick=Belke=Collender) 
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Figure 8-21, Templeting Pressure-Cost Aluminum Die (By 
permission of McMillan Industrial Corp.) 


8-29. Methods of Obtaining Tolerances 


The dependence of electrical performance 
upon the tolerances held in the manufacture of 
each radome leads the typical molder to be 
keenly interested in methods of achieving them, 
Quality must be sought, beginning with the ob- 
taining of affidavits from the suppliers of the 
starting materials, On receipt, and again tust 
oefore use, resins should be checked for vis- 
cosity and freshness. Cleanliness must be 
maintained in mixing them with catalysts and 
fillers, Control samples of proposed laminates 
must be prepared and tested for dielectric con- 
siant, loss tangent, and mechanical properties, 
Often the molder must certify that he has con- 
ducted such tests and achieved specification 
quality. Figure 8-23 shows an interferometer 
for use from -100 to 2,000° F for dielectric 
constant measurements. 


The relative resin-fabric-air content of the 
laminate directly andprofoundly affects strength 
and dielectric values. Pregelled, impregnated 
glass fabric with carefully controlled resin con- 
tent may be prepared, but usually is purchased. 
The gelling guards against resin drainage in the 
laminate, and the laminatetends to be voidfree, 
Overlaps in lay-up lead to thickness buildups, 
sometimes beyond tolerance limits, 


Honeycomb core material must be skillfully 
cut with specialized equipment to secure thick- 
ness accuracy. Unless the molder is adequately 
prepared, it may be better to buy honeycomb 
precut by the supplier to the desired tolerance. 
In Figure 8-24 honeycomb is being checked to 
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a +0.005-inch tolerance. Gravity, and curing 
viscosity effects, work agains, the uniform ex- 
Pansion of foamed-in-place core materials. 
The electrical harm will he mnat critical whan 
the foam has a high electrical refractive index 
because of metallic loading. The loaded core 
material described in Reference 87 war de. 
signed for suct a contingency. 


In matched-die molding, accuracy of die di- 
mensions is most important, but it is expensive, 
The total number of layers of fabric must be 
carefully planned in bag moiding, single-die 
techniques. In prototypes a skin is sometimes 
built-up and cured to nearly the desired thick- 
ness, and a layer peeied off; then a carefully 
calculated addition of final layers is made, 
Careful wiping of the laid-up pieces of fabric 
insures not only freedom from voids, but, by 
removing excess resin, makes the total thick- 
ness more nearly a constant multiple of the 
total number of layers, 


Laminating pressure and the relative humid- 
ity of the molding room have a very marked 
effect on thickness and strength. When the 
whole radome problem has been placed in the 
molder's hands, as it often ts, his electrical 
engineering staff shovld avoid narrow banded 
designs wherever feasible. 


Internal factors also control the effective 
electrical thickness, At the shorter wave- 
lengths the sandwich constructions with low 
dielectric constant cores become so narrow 
banded that external and internal thickness 
tolerance become very tight unless exacting 
Process control is used. The layer of resin 
which collects on the inner surface of each skin 
tends to vary. If this variation is excessive, 


Figure 8=22. Diamond Wheel Grinding (By permission of 
Brunswick=Boke~Collender) 
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Figure 8-23. Wide Temperature Range Dielectric Constant Interferometer (By permission of McMillan Laboratory, Inc.) 


electrical performance deteriorates noticeably, 
Variations in core density havea similar effect. 


Grinding apparatus plays an important part in 
radome manufacture. Bearing surfaces for 
attachment to fuselage, or cther, mounting 
rings must often meet exacting dimensional 
accuracy, Accurate grinding may (where spec- 
ifications allow) be a vital factor in the control 
of the electrical performance of areas through 
which the radar beam passes. The rigidity and 
precision of grinder holders, guides, and rei- 
erence points must be carefully planned. Me- 
chanical and optical gages capable of spanning 
large distances with accuracy are available in 
adequate quantities inestablished radome mold- 
ing plants. A multiple thickness gage fixture 
can be seen in use in Figure 8-25. 
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Thickness gages based upon various physical 
principles have been employed. General Elec- 
tric, McMillan, and others have built magnetic 
gages, Radiation counters have been adapted to 
the purpose. Microwave thickness gages indi- 
cate the thickness from area to area as the 
radar would see it. For this reason these gages 
have become the principal control factor in 
several radome molding organizations. One 
such gage is shown in Figure 8-26. Their tni- 
tial success has led the Wright Air Development 
Center to sponsor advances in their design. 
Among various methods of correcting wall 
thickness variations so detected, the Boeing Air- 
craft Company mechanized application of 
internal compensating patches has been notable. 
MIL-R-7705A (ASG) of 12 January 1955 requires 
test range electrical inspection. Figure 8-27 


Figure 8~24, Controlling Honeycomb Core Thickness (By 
permission of Bru vewick=-Balke~Collender) 


Figure 8=25, Multiple Thickness Gage Check (By permission 
of Brunswick=Bolke~Collender) 


shows a radome mounted over an AN/APS-20E 
, ona CL-28 aircraft mock-up being placed upon 
a test tower of the Air Research and Develop- 
ment Command Ipswich Antenna Field Station. 


§-30. Inspection Methods* 


Except as a contractor may wish toconform to 
and exceed military specification standards, 





*Radome test equipment and procedures are 
treated in Chapter 12. 
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Figure 8-26, Microwave Thickness Gage (By permission of 
McMillan Leboratery, Inc.) 





Figure 8-27, AN/APS~20E On CL=28 Mock=tip ot Combridge 
Research Center Test Range (By permission ef McMillen 
Industrie! Corp.) 


MIL-R-7705A (ASG) of 12 January 1955 proves 
adequate for establishing inspection methods, 
For the present, microwave thickness gages, di- 
electric measuring equipment. and aumarons 
other special electrical, mechanical, and chem- 
ical instruments find their principal roles in 
process control as means of obtaining tolerances 
in preparation for final inspection. 


Adequate inspection departments, procedures, 
and records are essential factors inthe produc- 
tion of radomes having optimum structural and 
electrical performance. These should cover 
tooling, incoming materials, materials in 
process, curing cycles, and the complete 
radome. All are highly important to the quality 
of the finished product. 


Incoming material quality can be assured to a 
considerable extent by purchasing materials 
from reputable manufacturers under affidavit 


that they comply with the appropriate military 
specification. Routine tests should be per- 
formed on panels made up with incoming lots of 
fahrin, resin, and Core Giatéiiais, Panel tests 
should also be performed on any matertals 
which appear questionable during subsequent 
processing. 


In-process control should include dimensional 
checks on core materials, premolded inserts, 
and other components as well as inspection of 
manufacturing procedures. These factors, 
perhaps, contribute the most to the performance 
of the Hinished part. 


Inspection of the finished part should cover 
not only physical dimensions but such possible 
defects as blisters, wrinkles, lack of complete 
resin cure, and non-uniformity. Electrical 
and environmental performance provides the 
final criteria. 


SECTION G. METHODS OF ATTACHMENT 


In attaching solid or sandwich type radomes 
to the exterior of various aircraft, the designer 
usually hag to take into account the fact that the 
radome must be removable for easy access to 
the scanner. This necessitates the use of me- 
chanical fasteners such as nuts and bolts or 
Dzus fasteners. 


Most radome housings are circular or ellip- 
tical in cross section at the point of attachment, 
so the use of a large number of nuts and bolts 
around the periphery of the base results in an 
attachment that is sufficiently strong to with- 
stand the stress and moment systems imposed 
by even the largest radome housing. 


In general, there are few published data re- 
lating the relative merit strength of various 
types of fastening. Figure 8-28 shows sketches 
of various types of attachment fittings used on 
the base of sandwich radomes, The reason for 
using an aluminum insert at the root of the 
radome is twofold: to transfer the loads from 
the aircraft to the skins of the sandwich radome, 
and to overcome the general low bearing 
strength of the glass-reinforced laminate. The 
extremely high compression and bearing loads 
caused by drawing up on nuts and bolts are 
taken by the various types of motal inserts 
shown in Figure 8-28. 


Generally these aluminum inserts are bonded 
between the glass-reinforced skins with the 
same type of resin used in the fabrication of the 
radome skins, The surfaces of these metal in- 
serts are prepared for bonding, usually by 
alkali cleaning and then by anodizing, as dis- 
cussed in paragraph 8-165, 


In some cases the metal inserts are primed 
with an adhesive primer that is baked on, The 
particular adhesive desired or the resin used 
in the fabrication of the radome is brushed on 
the faying surfaces of the radome skins and the 
metal insert and the assembly are cured under 
heat and pressure as a secondary operation. 


The mounting holes are then jig-drilled in the 
metal insert, so that the radome can be pre- 
cisely positioned on the aircraft. 


Basic to the more effective use and application 
of solid and sandwich radome construction is 
the need of design criteria covering methods of 
attachment, under various conditions of support 
and loading. The accumulation of design data, 
however, is complicated by an almost wnlimited 
number of possibilities and by the variety of 
conditions of each specific application with re. 
spect to stress and loading. 
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Figure 8-28, Sketches of Typical Glass~Reintorced Laminate Sandwich Radome Constructions, Showing Various Methods of Attachment 


SECTION H, FINISHES FOR RADOMES 


One of the major advantages usually given for 
reinforced plastics is the fact that they do not 
have to be painted, since any desired finish or 
color can be added to the resin in the form of a 
pigment, 


However, for radomes used at the higher fre- 
quencies, the addition of even small amounts of 
pigment tends to increase the transmission loss; 
therefore, this practice is little used in rein- 
forced plastic radome materials. 


Finishes for radomes are usually functional, 
in that they are used to protect the reinforced 
plastic from such aircraft chemicals as deicer 
fluids, hydraulic fluids, or fuels: or to provide 
thermal resistance or rain erosion resistance 
(Chapter 7). In other instances paints are used 
on reinforced plastic parts to blend in with the 
colci scheme of the rest of the aircraft. 


In addition to the fact that any great thickness 
of protective coating affects the transmission 
properties of radomes, there is general opposi- 
tion to the use of paints or other coatings on 
reinforced plastic parts, since they tend to hide 
blemishes or other unsatisfactory workmanship, 


On visual examination most plastic reinforced 
laminates in the "as-molded" state appear to 
have a smooth continuous resin surface, since 
the clear resin does not tend to show any dis- 
continuity. However, if low-pressure molded, 
reinforced-plastic parts are sprayed with a 
pigmented lacquer or enamel, small voids or 


. discontinuities in the surface of the laminate 
- can be seen immediately, These discontinui- 
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ties or small voids of microscopic size are 
located at the junction of the crossing yarns in 
the woven fabric. In general, the larger the 
weave the larger are the small discontinuities 
in the resin on the surface of the laminate. In 
most instances this condition is eliminated by 
the use of one or two layers of fine weave 
fabrics (such as 112, 116, or 120) on the sur- 
face, Another approach to this problem is to 
use a pre-gelled resin coating on the surface of 
the mold or to use a paper or mat overlay, 
which tends to hold more resin on the surface. 
These two procedures, however, tend to pro- 
duce a resin-rich surface which in extreme 
cases results in the formation of srnall cracks 
onthe surface of the laminated part after it 
has been exposed to weather or extremes of 


temperature. These small cracks tend to pick 
up moisture and destroy the electrical proper- 
ties of the radome, and, therefore, this practice 
has not gained great favor. 


In most cases when the radomes are to be 
painted or coated with a rain-erosion resistant 
material, the surface of the radome is sanded, 
and these small surface voids are filled witha 
lacquer or enamel filler, or with putty applied 
with a rubber squeegee. After the filler has 
dried, the surface of the radome is again 
sanded, and a primer is sprayed on. 


Two fillers or putties that have been tested 
and are currently used almost universally are 
Duratite filler from Webb Products Company, 
and Filaplast P-24 from Brooklyn Varnish Man- 
ufacturing Company, The primer or surfacer 
that is used to a great extent in the industry, 


since it was developed primarily for polyester’ 


laminates, is Primer Surfacer P-40 from 
Brooklyn Varnish Manufacturing Company. 
There is no specification covering these ma- 
terials, Generally the primer is never over 
one mil thick. The function of the primer is to 
make the plastic part very smooth and to im- 
prove the adhesion of the lacquer or enamel 
to the surface, 


A lacquer is cssentially a solvent solution of a 
thermoplastic resin, with or without pigment, 
It dries solely by solvent evaporation, Many 
lacquers air-dry rapidly, The dry film consists 
simply of the original thermoplastic resin, 
Common film-formers are the polymers of 
cellulose nitrate, cellulose acetate, ethyl cellu- 
lose, methyl methacrylate, vinyt chloride, and 
vinyl acetate, 


An enamel is essentially a solvent solution of 
a thermosetting material, usually with pigment 
to give the required color, 


Evaporation of solvent leaves a relatively soft 
film which must then be oxidized to form a 


hard, ducable film, Enamelfilms generally have 
higher gloss and higher hardness, and have 
greater outdoor durability and solvent resis- 
tance than lacquer films. 


An important factor in proper paint selection 
is the type of service required of the applied 
film. For outdoor exposure, pigmented nitro- 
cellulose lacquers or alkyd enamel paints are 
generally required for adequate resistance to 
weathering, 


The lacquers used on plastic and metal air- 
craft parts meet MIL-L-7178,89 The enamels 
used meet MIL-E -5556,90 


Probably the most widely used coating on 
radomes, however, is a neoprene rubber coat- 
ing, meeting MIL-C-7439B, used to prevent 
rain erosion of the plastic laminate. 


At subsonic speeds, plastic laminates are 
rapidly eroded by even light rainfall. An un- 
coated radome may be completely eroded in a 
few minutes. To reduce the erosion of radomes, 
both Goodyear Tire and Rubber Company and 
Gates Engineering Company have developed 
neoprene rubber coatings that may be applied 
to exterior surfaces of plastic parts; these 
coatings give a decided increase in life expec-~- 
tancy, as discussed in Chapter 7. 


On aircraft flying at high speeds through 
humid atmospheres, very high electrostatic 
charges are built up on the surface of the 
radomes, From-time to time the potentials 
become high enough to cause discharge by arc- 
ing. In these cases, electromagnetic radia- 
tion is suffictent to reduce the efficiency of 
communication systems of the aircraft, as well 
as of the direction finders and other 
vital equipment, to almost zero, A conductive 
coating is used to prevent this static charge 
buildup. ‘This coating is usually of the same 
base as the rain-erosion resistant coatings and 
meets the same specif ication.91 


GLOSSARY 


Accelerator, A chemical compound or sub- 
stance which, when added. to a catalyzed 
synthetic resin in minute amounts, hastens 
the polymerization or hardening of the resin. 


Alkyd. A synthetic resin, consisting principally 
esters formed from alcohol and acids, 
such as ethylene glycol and maleic acid, 





Alkyd frlally cyanurate copolymer, The prod~ 
uct formed from the polymerization of an 
alkyd resin and triallylcyanurate monomer, 

Anodize, The formation of an aluminum oxide 


film on aluminum alloy by chemical and/or 
electrical methods. 





GLOSSARY (Cont) 


Autoclave. A cylindrical steel vessel whichis 


built so that it can withstand high pressures. 
In laminating, the resin-impregnated glass 
cloth is laid up on a mold and this assembly 
18 put into the cylinder. fieai and pressure, 
usually in the form of steam, are then in- 
troduced into the cylinder, which forces the 
laminate to conform to the moid conivur and 
simultaneously hardena the laminate. 


Bag. A flexible cover through which molding 
pressure is exerted through the application of 
air pressure on one side and/or the drawing 
of a vacuum on the other. 


Catalyst, A chemical that initiates or aids ina 
chemical reaction without taking part in the 
reaction or undergoing change itself, 


Gaul, A metal plate used in a press, usually 
with a very smooth surface that gives a plas- 
tic laminate a very high sheen, 


Copolymer, A substance formed by the simul- 
taneous polymerization of two or more 
monomers and/or polymers. 


Cure, The terms cure, potymerize, or harden, 
as applied to resins, are used to describe a 
process in which a monomer or.polymer is 
converted from a liquid or semisolid into a 
substance of higher molecular weight and 
different physical properties, usually by the 
addition of heat or chemicals, 


Dielectric constant, Electromagnetic wave 
permittivity, en an electrical charge is 
placed in a homogeneous electric field, the 
force which acts upon it is proportional to 
the charge and to the magnitude of the field, 
the inverse of the proportionality being the 
dielectric constant times another constant 
factor which depends upon the syatem of units 
used, 


Dielectric material, A material which can 
react by molecular mechanism to an electric 
field because it contains electric charge 
carriers that canbe displaced; in radome 
construction, commonly thought of ag a ma- 
terial, usually nonmetallic, through which a 
wave may be propagated. 


Dzus fastener. A quick acting, aircraft type 
fastener produced by Dzus Fastener Company. 


Electrical thickneags, The number of wave- 
lengtha in a layer of material, 


Epoxy. A group of synthetic resins based 
usually upon epichlorohydrin and apolyhydroxy 
compound, 

Claptonicn a suceen ike, product icemadyhy 
the polymerization or vulcanization of chem- 
ical substances, 


Faying surfaces. In aircraft any two metal sur- 
laces that overlap. 


Flash, Excess plastic material which forma at 
the parting line of a mold during molding, and 
which usually must be removed from the fin- 
ished article, 


Gel, A somewhat gel-like, generally trans- 
parent, Kiquid-solid resin system, in which 
the resin has partially polymerized but has 
not become hard or rigid, 


Gelation time, The time required for a given 
quantity of catalyzed resin to form a gel, 


Laminate, To unite sheets of material by resin 
under heat and pressure, For example, 
sheets of glass cloth impregnated with a res- 


{nous composition. 


Lay We: The process of placing the reinforced 
resin-impregnated glass cloth or matin posi- 
tion in the mold. 


Loss tangent. An absorption coefficient, the di- 
a slectric Toss tangent or dissipation ‘tactor; 
when the losses are low, power factor, 


Polyester, Generic term referring toa resin 
Composed of an organic acid and alcohol 
esterified and then polymerized to forma 
solid called a polyester, Usually used to 
refer to a resin comprising unsaturated 
polyesters capable of cross-linking to con- 
vert into a substantially infusible and ingol- 


uble product, 


Polymerization, A chemical process usually 
resulting inthe formation of a rigid plastic 
material whose molecular weight is a mul- 
tiple of that of the original substance. 


Polyurethane A polymerized urethane gener- 
ally formed by reaction of an isocyanate with 
a resin containing active hydrogen. 


Post-cure. Some glass-reinforced laminate 
parts are given a preliminary cure in the 
press or oven usually at a relatively low 
temperature, The laminates are then re- 
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GLOSSARY (Cont) 


moved from the mold and are placed in an 
oven usually at a higher temperature to com- 
pieie ihe cure or polymerization of the resin, 
This additional baking improves the physical 
properties of the laminate, especially for a 
high temperature environment. 


Pot life. The period of time during which a 
resin will remain fluid and usable, after the 
addition of a hardener, catalyst, or catalyst- 
promoter combination, 


Preform, A premolding or agglomeration of 
the reinforcing material, usually by precipi- 
tation or light pressure, prepared for effi- 
cient handling or loading of a mold, 


Resol, Thermosetting resins, usually phenol- 
formaldehyde, at intermediate stage of reac- 
tion where they soften when heated and swell 
in contact with Mquids., 


Set-up. To harden or to become rigid, as in 
polymerizing or curing. 


Thermoplastic, The property of softening under 
heat. A plastic that will become soft under 
heat, 


Thermosetting, The property of undergoing a 
chemical change when heated, whereby a 
hardened product is obtained, Once the resin 


becomes hard, it will not soften appreciably 
under heat, 


Telalivleyarurate. The allyl ester of cyanuric 
acid capable of cross-linking to form a solid 
resin, 


Viscosity. Internal friction or resistance to 

ow of & liquid. The constant ratio of shear~ 
ing stress tc rate of shear usually is meas- 
ured in poises. 
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INORGANIC MATERIALS 


AND RADOME CONSTRUCTION 


SECTION A. 
8-1. Scope 


At the time of writing (1956) ceramic materials 
ay themselves have not been extensively used 
for radomes . largely because the commercial 
organizations engaged in ceramic fabrication 
have not heen in a position to supply the required 


shapes finished to the specified dimensional 
tolerances. 


Because of technical advances by industry and 
by various ceramic schools, it seems probable 
that this situation can be corrected. This sec- 
tion on inorganic materials will acquaint radome 
designers with the properties of the ceramic 
materials available, together with information 
on methods of fabrication, which may be expec- 


ted to allow the close dimensional tolerances to 
be met. 


Since lack of proper fabricating technique has 
slowed up the utilization of ceramic r domes, 
consideration of methods of manufacture is of 
equal importance with a study of the physical 
properties, The method used in the presenta- 
tion of the information will therefore be as 
follows. Ceramic materials will be grouped 
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according to some generally accepted classifi- 
cations, The materials within each of the clas-~- 
sifications will be considered one by one. Where 
extensive work has been carried out on the de~ 
velopment of methods of manufacture of any of 
these materials this work will be described in 
detail, along with thedescription of the materiai. 
The sections on the separate materials will be 
followed by discussions of the mechanical, 
thermal, and electrical properties of ceramic 
materials in general. 


9-2. Classification 


Ceramic materials will be divided into the 
following classifications: 


~~ 


. Dense fired bodies 


eo 


. Porous bodies 
3. Glasses and materials derived therefrom 
4. Glass bonded mica 


5. Fusion cast materials. 


SECTION B. DENSE FIRED BODIES 


9-3. Definition and Characteristics 





This classification is taken to include ceramic 
materials which have been formed to shape in 


the unfired state and then fired at a high tem- 
perature to a state approaching zero porosity. 
Properly chosen bodies so formed can have some 
or all of the following desirable properties: 


— 


1. High strength over a wide temperature 
range 


2. Hardness 
3. Homogeneity 


4. Dielectric constant anywhere from four up 
to several thousand 


5. Constancy of dielectric constant over a 
wide temperature range at high frequencies 


6. Low dielectric logs. 
9-4. Steatite 


Steatite bodi.% include those which, in the fired 
state, consist largely of magnesia and silica 
approximately in a ratio to form the compound 
Mg0-Si02. Other ingredients are usually added 
to improve the forming properties, depending 
on the forming operation used, or to improve 
the dielectric properties. Barium oxide is 
frequently used to give lower dielectric losses. 


Since the term steatite covers a number of 
similar materials, the physical properties listed 
later are only roughly representative of the 
class and are subject to variation depending on 
how each body is made up. 


The Rutgers Program, The program at Rut- 
gers University on the development of dense fired 
ceramic radomes started with steatite,1,2,3 
A number of radomes made from this material 
came close to satisfying the electrical per- 
formance requirements of one of the missile 
manufactures, 


Steatite was chosen for the following reasons. 
Even before starting the work, it was realized 
that the dimensional tolerances were such that 
none of the usual ceramic fabricating methods 
would give the necessary thickness control, 
and that some machining would be necessary, 
Since steatite is considerably softer than 
alumina, which is probably a more desirable 
ultimate material, this machining develop- 
ment could be more easily accomplished with 
the softer material. Steatite radomes actually 
were produced for electromagnetic testing con- 
siderably sooner than would have been possible 
with alumina shapes, Their encouraging per- 
formance has done much to arouse interest in 
ceramic radomes in general. 


Slip Casting. Of all the possible ways of form- 
ing shape hefore firing, slip casting was 
chogen as most likely to give results with a 
minimum of development work. It is very 
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possible that other methods may ultimateiy re- 
place this, particularly if they can give such 
control of thickness and taper that machining in 
the fired state is unnecessary; however, 
radomes are now being produced by the slip 
casting method. Since the method works in spite 
of its inconveniences, a full description is in 
order. 


Slip casting consists of making a fine, more 
or less stable, water suspension of the material. 
This suspension, or slip, is poured into a 
plaster of paris mold. The inside of the mold 
is of the same shape as, but slightly larger than, 
the outside of the shape to be formed. This is 
to allow for shrinkage in drying and firing. 


The porous mold absorbs water from the slip 
and forms a wall whose thickness increases as 
the mold draws out more and more water. After 
the desired thickness is obtained the remaining 
slip is poured out, leaving the formed object. 


Slip Control. Slip casting is an old art, and the 
control of clay slips is described in many text 
books on ceramics. Low dielectric loss, how- 
ever, is necessary in a radome, and something 
better than the older electrical porcelains 
seemed indicated. This meant that clay could 
not be considered as a major ingredient or, in 
fact, in some cases, as an ingredient at all. 


Workers experienced in dielectric work ad- 
vised, and it was quickly bo. e out in practice, 
that where clay is not a major ingredient of the 
slip it is advantageous to work with prefired 
materials which are then reground, sized if 
necessary, and made into a slip with only such 
additions as are necessary to control defloc- 
culation and give correct slip viscosity for | 
casting ard sufficient strength for handling 
after the piece is dry. Both from the stand- 
point of casting control and ultimate body homo- 
geneity this approach is recommended to any- 
one attempting to produce ceramic radomes. 


For this method, steatite turned out to be a 
very convenient material. There was a ready 
supply of scrap steatite available, This was 
material which had been rejected for dimen- 
Sional defects but which was of satisfactory 
composition, The use of this material elimi- 
hated the necessity of extruding and prefiring the 
raw material. 


Batch Preparation. The steatite scrap, in the 
form of thin spaghetti, was wet ground in a ball 
mill. If it is intended to form shapes which may 
be fired to exact dimensions without any further 
machining, it is extremely important to control 
the distribution of particle sizes going into the 
slip. 


wk oe os ees ee ee 





Contardi and Hund have deacribed some ex- 
periments on the effec: of different combinations 
of particle size on the properties of steatite 
slins.* The ground raw materiala were divided 
into two fractions. Fraction A contained 
particles running in size from about 20 microns 
to 50 microns. Fraction B was nearly all below 
4 microns. A slip using all B gave a body with 
a very smooth texture but with a firing shrinkage 
of almost 26 percent. Fraction A by itself could 
not be cast, since it settled out of suspension 
too rapidly. A blend of 70 percent A and 30 
percent B gave a firing shrinkage of only 13 
percent which was the lowest shrinkage of any 
combination of the two fractions. The texture 
of this optimum mix was just as good as that of 
the body using all fine material, This is in 
agreement with general ceramic experience that 
a properly chosen mixture of two different size 
fractions gives less void space in the dry state 
and consequently less firing shrinkage than 
either fraction by itself, 


If the machining process is able totake care of 
any size variation caused by shrinkage which 
differs from batch to batch, then in many cases 
it is sufficient to decant off the supernatant slip 
after grinding and to use the resulting run-of- 
the-mill particle size distribution withput any 
further effort to compound an exact size dis- 
tribution without any further effort to compound 
an exact size mixture. 


In the Rutgers project the ground slip was then 
@ried. This dried ground material was mixed 
with a suitable addition of deflocculants and 
water to give a shp of the proper density and 
casting conaistency. Table 9-1 shows a formu- 
lation which was successfully used in the cast- 
ing of steatite radomes. 


Teble 9-]. Fermuletions Successtully 





Used in Casting Stegtite Redomes 

Ball Milled Steatite Scrap 17,725 gm 
Bentonite 7717 gm 
Superloid Gel 

(10 gm per 200 cc water) 785 gm 
Sodium Silicate ‘‘N”’ brand 

(1 cc per 10ce water) 100 cc 
Ammonium Hydroxide, 28% 

(1 ce per. 10 cc water) 500 ce 
Sudium Hexametaphosphate 

(24,55 gm per 500 ce water) 2,600 cc 


Distilled Water 91,500 ce 











Any free iron was removed by a magnetic 
filter. The slip wae then de-aired and stored 
ready for casting. Before each cast the specific 
BIST Sia Viscosity were checked and adjusted 
if necessary, 


Casting. A section drawing of the mold is 
shown in Figure 9-1. The removable top is used 
to form a flange that gives mechanical support 
and helps to prevent warping during the firing 
operations. Thia flange is not removed until] 
after the final firing. Pieces up to 10 inches in 
diameter and 30 inches in length have been cast 
from such a mold. 


The slipusing the formulation of Table 9-1 re- 
quired about 45 minutes to build up a wall thick- 
ness of about 3/8 inch, which leaves sufficient 
stock fo allow for machining if a wall thickness 
in the neighborhood of 1/4 inch is desired. The 
mold was then inverted and the remaining slip 
drained out. The wall thickness tended to be 
greater nearer the point, probably because of 
the greater hydrostatic pressure during the 
casting operation. It would be extremely diffi- 
cult to achieve accurately a predetermined 
pattern of wall taper by control of the slip and 
draining conditions alone. After draining the 
mold was returned to the point-down position 
and allowed to remain like this for about 24 
hours before the plece was removed. Removal 


lacquered surface 


~, removable 
top 


plaster of paris 





Figure 9-1, Section Drewing of Mold 


was performed by allowing the piece to drop 
very gently onto a rubber ring on a steatite 
plate. Before firing the rubber ring was very 
carefully removed andpure sand substituted for 
it to support the radome during firing, At tnis 
time the radome was extremely fragile and 
machining operations could not be attempted. 


Bisque Firing. Steatite in the final fired form 
ig quite hard and could probably be machined 
only with the use of diamond tools. To avoid 
this necessity, in the early part of the program 
the radomes were first bisque-fired to 1,700° F, 
This gave them sufficient strength to be held in 
the lathe chuck, but achieved only a smal) part 
of the complete firing shrinkage. In this state, 
however, they can be readily machined with 
Carboloy tools. 


It was the usual practice to machine the out- 
side first to the desired contour on one lathe. 
The radome was then. removed to another lathe 
equipped with a special holder to allow the in- 
side to be machined. While the piece was still 
being held in the lathe the thickness could be 
constantly checked by the use of a specially 
rnade dial micrometer supplied by the Tubular 
Micrometer Co. In all of this operation allow- 
ance had to be made for the shrinkage to take 
place in the final firing. 


Final Firing, After the proper thickness dis- 
tribution had been achieved the piece was ready 
for final firing. All of the firing was done ina 
gas-fired kiln built specifically forthe purpose, 
The kiln was of approximately square cross 
section with four gags burners in each of two 
opposite walls, Independent control ofthe upper 
and lower burners ailowed a very good degree 
of temperature uniformity, During firing, the 
radome was enclosed in a stack of silicon car- 
bide rings to prevent direct flame impingement 
and to improve the equality of the temperature 
distribution, : 

The final firing was carr igo ona schedule 
requiring about 8 hours to réach a temperature 
of 2,2009 F. The pieces were soaked for 1 
hour at this temperature, after which time the 
kiln was shut down and allowed to cool. 


After removal ofthe radome from the kiln, the 
flange was cut off with a diamond saw and the 
radome was ready for testing. There was about. 
13 percent linear shrinkage in the final firing 
operation. In spite of this, thickness tolerances 
of several thougandths of an inch could be held 
in the final piece, The shape itself might vary 
by considerably more than this, warpage of 
1/8 to 1/4 inch being sometimes present. 
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Electrical tasting of the steatite radomes made 
at Rutgers University was carried out by the 
Raytheon Manufactw ing Co. The results were 
good enough to encourage extension of this work 
to other ceramic materials that held promise of 
being more suitable for radome construction in 
the long run. Perhaps the most obvious such 
material is alumina, 


9-5, Alumina 


While alumina is strictly a synonym for 
aluminum oxide, it is used loosely to describe 
any ceramic body high in alumina, It will be 
used here to include any ceramic body contain- 
ing 90 percent or more of aluminum oxide, 


Very pure alumina can be fired to very high 
strength and very good dielectric properties. 
It requires, however, firing temperatures well 
beyond 3,000° F, While such temperatures are 
not impossible they call for expensive kiln con- 
struction and high kiln maintenance costs. 
Hence the investigation was begun with composi- 
tions that could be fired around 2,800° F, which 
is attainable on fairly standard equipment. 


With a little experimenting it was determined 
that a composition using $0 percent alumina, 6 
percent talc and 4 percent ball clay could be 
fired to maturity at around 2,800° F to give a 
body with dielectric constant about 8 and a loss 
tangent of ground 0,002. Somewhat similar 
bodies are in the catalogs ofa number of manu- 
facturers of ceramic dielectrics. 


Machining. The obvious method of procedure 
seemed to be to follow as closely as possible 
the techniques which had been successful with 
steatite. It was soon found, however, that 
machining of the bisque wure presented much 
greater difficulties than steatite, The wear on 
the tungsten carbide tools was so great that 
they would have to be ground several times 
during a single cut on the lathe, Therefore, the 
decision was made that, in spite of the hardness 
of the matured material, all machining would be 
done on the final fired shape, This eliminated 
the necessity of two firings but brought up some 
new Problems inthe machining operation. 


The use of anything but diamond tools was out 
of the question for the very hard alumina 
surface, All of the machining was therefore 
done with metal-bonded diamond wheels. For 
the outside machining this presented no great 
problem. The greater part of the inside was 
done with a flat-faced diamond wheel mounted 
ona long quill, The interior of the point of the 
radome was shaped with a conical diamond 
reamer, A grit size of 100 was satisfactory for 


final finishing, while a grit size of 30 was used 
for some of the roughing cuts, 


At the time of writing (1956), no tests have 
been carried nut on 
radomes, 


moe 
r 


any Of these alumina 


The methods described above allow consider- 
able precision inthe final piece but are certain- 
ly not ideal for large scale production, Further 
development can foreseeably follow several 
paths in achieving a more practical procedure, 
First, there may be developed more rapid 
machining techniques. These would reduce the 
necessity for precision control of shape and 
thickness in the ceramic forming and firing, 
While it ia difficult to see how diamond tools 
could be dispensed with on anything as hard ag 
vitrified alumina, it is very conceivable that a 
multiplicity of cutting tools all cutting at the 
same time could reduce the machining time to 
a small fraction of that presently necessary. 
Also, automatic measuring of the physical or 
electrical thickness: while the piece is turning 
in the lathe would allow machining with a min- 
imum of personal attention. 


The second possible path is the development 
of the precision ceramic control required to 
render any machining in the fired state un- 
necessary, This may be achieved by sucha 
technique ag injection molding, used today in the 
production of spark plugs, In this the ceramic 
powder would be mixed with an appropriate 
amount of thermoplastic resin which, when hot, 
would allow the raw material to flow under 
pressure between a male and female mold, 


Hydrostatic pressing hag also been suggested, 
In this method the ceramic material with a 
suitable binder would be formed ona mandrel, 
This would be surrounded with a rubber or 
plastic envelope and subjected to a high hydro- 
static pressure forcing the grains into as dense 
a packing asthe particle size distribution would 
allow, With radomes even as large aa those 
being considered for the smaller missiles, this 
calls for extremely heavy pressure vessels. 


It might, however, allow machining in the un- 
fired state while the piece was still on the man- 
drel, This would eliminate inside machining, 
always an awkward operation. With goad par- 
ticle size control it might very well allow thick- 
ness and taper tolerances to be met without any 
further machining. 


With the present slip casting procedures there 
fg much greater hydrostatic head at the point of 


the mold than there is at the other end. It hag 
been suggested that centrifugal casting in which 
the mold would be rotating on its axis at some 
appropriate speed while the casting oneration 
is being carrted out could help to improve this 
situation, This works very well with cylindrical 
shapes and might be adapted to cones or ogiven, 


9-7, Other Materials 


At the moment alumina, because of its 
strength, refractoriness, hardness, and good 
dielectric properties, is probably the most 
promising ceramic material for radome con- 
struction, at least among the dense nonporous 
bodies. There are, however, many other 
possible compositions out of which radomes 
might be made and one or another of these may 
look very desirable at some future time, While 
it would obviously be impossible to cover every 
possible combination of the many oxides avail- 
able, some uf the more simple types will be 
mentioned. 


9-8. Beryllia® 


Ofall the materials which might come close to 
doing what alumina can do, and even perhaps a 
little more, beryllia probably looks the most 
promising. It has almost as good strength, 
almost the same thermal expansion, but it has 
one property that puts it In a class by itself 
among ceramic materials. The thermal con- 
ductivity ig fabulously high, higher in fact than 
that of a number of inetals. This gives it a 
great advantage in resistance to thermal chock, 
since thermal gradienta are greatly reduced. 


Its most serious drawback is ita toxic proper~ 
ties, Many ceramic manufacturers areafraid of 
it. Although it can be handled pafely if proper 
precautions are taken, the health hazard has 
slowed up the general use of thia potentially 
useful material, 


9-9, Magnesia® 


Pure magnesia has a very high melting point, 
close to 5,072°F, In the pure state it le diffi- 
cult to mature at reasonable temperatures. 
With small amounts of tale or ball clay as a 
flux, magnesia bodies have been matured at 
2,800°F, The thermal conductivity is high. Ag 
a clags these magnesia bodies are second only 
to beryllia bodies inthis respect, The dielectric 
constant is close to 8 and with 2.5 percent talc 
the loss tangent is 0.0003. With 10 percent talc 
itis 0.001, The thermal expansion is about 50 
percent greater than alumina or berylia, The 
strength does not compare well with either 
alumina or beryliia. 





9-10. Spinel’ 


Magnesia-alumina spinel is another material 
which might be useful bocause of ita high melt- 
ing temperature (3,875° F), ‘Che compound has 
the formula M@O-Al9Q,, Again some flux is 
necessary to obtaina body maturing ata reason- 
able temperature, Using various amounts of 
clay for this purpose, E.J. Smone has made up 
several spinel bodies maturing from 2,600 to 
2,800° F, The strengths are not high. ‘The 
dielectric constants run from 6 to? with loss 
tangents of about 0.0004. 


9-11, Forsterite? 


Bodies consisting largely of forsterite, 2MgO- 
8iOg,are very comparable in physical proper- 
ties with steatite bodies. The loss tangents of 
the forsterite bodies are usually lower than 
those of steatites, 3 


9-12, zircon»? 


The pure compound zircon, ZrO-,SiOg, has a 
thermal expansion lower than most of the ma- 
terials already mentioned. It can be used as an 
ingredientin ceramic dielectrics where low ex- 
pansion is desired toimprove thermal shock re-~- 
sistance. Some bodies of this type are described 
in the ceramic literature. The dielectric con- 


gtanta are in the 7 to 8 reyion, Loss tanyents 
are around 0.001. Expansions are very much 
lower than either alumina or beryllia. 


9-13, Cordierite?? 


The ternary camnound cordierite, 2M,0- 
2A1903°5SiOg, is another very low expansion 
material, Bodies have been developed with this 
compound as a major phase. Expansions are 
very low. Dielectric constants are in the 
neighborhood of 5 and loss tangents tend to run 
high. 


9-14. Lithium Aluminum Silicates!!:12 


The lithia-alumina-silica diagram is rather 
remarkable in that it contains several regions 
which show negative expansions. When the iired 
body is found to contain either the compound 
beta-evcryptite or beta-spodumene, quite large 
negative expansions can cecur, These can be 
justas bad from the standpoint of tharmal shock 
resistance as high positive expansions. How- 
ever, by proper control oi the composition, 
bodies may be produced which have very cluse 
to zero expansion over a wide temperature 
range. Such bodies show extremely good 
thermal shock resistance. As might be expected 
of any silicate composition containing such a 
small alkali ion as lithium, losses tend to run 
high with loss tangents around 0,005, 


SECTION C. POROUS BODIES 


9-15, Approaches to Fabrication 

For high temperature insulation and other 
applications porous ceramic materials have 
been manufactured for a long time, One of the 
commonest methods of producing the desired 
porosity is to incorporate in the body a certain 
amount of some material which will burn out in 
the firing process, leaving in its place vores of 
approximately the same sizeas the cor.bustible 
particles. While this is satisfactory for appli- 
cations where homogeneity of structure is not 
of prime importance, as in thermal insulation, 
ithas not been considered a desirable procedure 
for mahing thin-walled radomes where the pores 
should be small compared with the wall thick- 
ness and where electrical requirements call for 
a high degree of homogeneity, 


Qne of the most promising methods of attack 
has been the use of foaming agents in prepara- 
tion of the ceramic material, A large amount of 
work along these lines haa been carried out at 
Virginia Polytechnic Institute and at Ohio State 
Universality, 
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9-16. Foaming 


The general method is to prepare the ceramic 
material in the form of a slip or water auspen- 


sion which can be foamed by the addition of a 
foaming agent and a properly selected whipping 
action. The foam when formed must be stabi- 
lized by some ingredient in the batch which will 
set up as soon as or shortly after the foam has 
been formed. This ingredient has usually been 
plaster of paris, 


A description, from the reports of A.J. 
Metzger at V.P.J., of the preparation of a rep- 
resentative body of this type followa,13,14 As 
in any work of this kind there isan infinite num- 
ber of combinations of raw materials out of 
which must be chosen the one to give the best 
combination of physical properties for the par- 
ticuldr application, These properties include 
density and strength, as well aa dielectric and 
thermal properties. Ineachcase the radome de- 
signer andthe ceramic manufacturer must work 
very closely together and each must be 
conacioug of the other's desires and limitations, 


The solids in Motzger's batch B77 are shown 


halow. 


Material Percentage 
Plaster of Paris 21.02 
Pioneer Kaolin 34.14 
A-2 Alumina 44.84 


The liquid part of the batch consisted of water 
with 0.6 percentof Aresket 240, An anionictyne 
foaming agent, this is a 40 percent solution of 
monobutyl biphenyl sodium monosulfonate 
supplied by the Monsanto Chemical Company. 


The liquid-to-solid ratio was 48.72 to 61.28, 
arrived at after a large number of experiments 
looking toward a minimum fired density in the 
finished pieces. 


The mixing cycle is quite critical and must be 
very closely controlled to give reproducible re- 
sults, In Metzger's work the solid and liquid 
were blended for one minute, mixed at high 
speed with aHobart mixer for 2 1/2 minutes and 
then at a slower speed for 1 miaute, This in- 
dicates the care that is necessary to get: reproa- 
ducible results, The original reports should be 
consulted for the exact details on the relations 
between method of preparation and the proper- 
ties of the final body, 


Forming. The mold into which the foamed slip 
ls poured consists of inner and outer metal 
forms, When conical shapes are being formed, 
waxed paper is used as a separating layer. 
After the material has set, the inner cone is re~ 
moved, and after several hours the outer cone 
is taken off andthe piece allowedto dry. Drying 
is carried out at 70° F at a relative humidity of 
50 percent. 


Firing. Firing involves not only the develop- 
ment of a cerarnic bond but also the dissocia- 
tion of the plaster of paris, with the Mberation 
of sulfur trioxide, To allow this reaction to go 
to completion the piece is held at 2,200° F ina 
well-ventilated kiln for 12 hours. The kiln is 
then brought rapidly up to 2,5529 F,where is 
held for 3 hours, after which it is allowed to 
cool. 


Bodies prepared inthis way have a bulk den- 
sity of about 30 pounds per cubic foot and a 
modulus of rupture approaching 400 pounds por 
square inch, 


By their very nature, such bodies are porous 
and will readily absorb moisture. In this state 
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they would not make good radomes, since the ab- 
Sui pliiun uf such moisture would seriously affect 
their dielectric properties, Something has to be 
done to make the surface impervious, Because 
of their gresai porosity they are rather difficult 
to glaze, since the melting glaze hasa strong tend- 
ency to be absorbed by the body. It is necessary 
first to treat the surface so that a subsequently 
applied glaze can mature without soaking in. 


Glazing. This has been done by the applica- 
tlon to the surface of a finely ground mix of the 
same composition asthe body itself. When fired 
on, this leaves a hard skin to which a glaze can 
be applied in the usual way. This skin also 
increases the madulus of rupture by about 26 
percent. 


The application of a glaze to this body in- 
creases the modulus of rupture to around 1,200 
pounds per square inch and gives a surface 
which is truly impervious to moisture, 


By a somewhat similar technique Giles and 
Hessinger15, at Ohio State University have 
produced foamed wollastonite, CaO-SiQg, bodies 
with densities ofaround 25 pounds per cubic foot 
and modulus of rupture up to 260 pounds per 
square inch, The batch contained 70 parts 
wollastonite, 20 parts ball clay, and 10 parts 
barium carbonate, together with 20 parts of 
plaster of paris to stabilize the foam, plus some 
fluxes to lower the firing temperature and ex. 
tend the firing range. Saponin was used as the 
foaming agent, 


The same workers have also used mixtures of 
wollastonite, ball clay and zircon, A strength 
of 500 pounds per square inch was obtained at 
a density of 40 pounds per cubic foot and a 
strength of 100 to 200 pounds per square inch 
at a density of 20 pounds per cubic {oot. 


After the first firing, a fine coating of essen- 
tiaily the same composition ag the body was 
fired on, after which a lead borosilicate glaze 
was applied and fired, 


9-17. Wollastonite | Bodies Frora Xonotlite 

Kalousek amd Dence of Owens Llinois Glass 
have developed a different approach to the 
problem of producing lightweight ceramic 
bodies.!7 They reacted freshly slaked calcium 
oxide and finely pulverized quartz in an auto- 
clave at 250 pounds per square inch steam pres- 
sure. The raw materials were prepared as a 
slurry and pouzed into a mold of the desired 
shape, The material in the mold was auto- 
claved for 19 hours. The resulting solid piece 
would have a density from 15 to 35 pounds per 
cubic foot and was essentially of the composi- 


tion xonotlite, 5CaO-5SiOy-H9O. Hollow cones 
with base diameter of 8 inches and length of 
24 inches could be made in this way, 


It was found that these cones could be con- 
verted to wollastonite by slow heat treatment 
requiring 14 to 16 hours to reach 1,350° F, In 
spite of the relatively large shrinkage which 
accompanies the conversion of xonotlite into 
wollastonite, structurally sound wollastonite 
pleces could be obtained in this way. The 
porosity which had contributed tothe low density 
in the xonotlite state remained, and wollaatonite 
shapes having a density of 18 pounds per cubic 
foot could be obtained, The modulus of rupture 
of such pleces waa 150 pounds per square inch, 


The texture of the wollastonite bodies formed 
in this way is such that a glaze may be applied 
and fired without the necessity of first sealing 
the pores ina separate operation. It was found 
that glaze No, 3496 made by the Ferro Corpor- 
ation gave satisfactory mechanical properties 
with reasonably low dielectric loss, 


SECTION D. 


919, Possible Advantages of Glasses 

While glasses do not have the refractoriness 
of such materials as alumina or beryllia, they 
are capable of withstanding temperatures con-~ 
siderably higher than most organic plastic ma- 
terlala, In addition, they lend themselves toa 
number of forming techniques which allow mags 
production methods‘with quite precise control of 
shape and thickness, Glass shapes have been 
blown or pressed for many years. Recently the 
development of centrifugal casting of auch large 
shapes as television picture tubes hag permitted 
thickness control of the order of 20,010 inch or 
better. Also, work sponsored by Wright Air 
Development Center has resulted in centrifugal 
casting of radomes within tolerances of 40.005 
inch, While such control is probably not in itself 
satisfactory in the manufacture of half-wave 
radomes, it would greatly reduce the time re- 
quired for {inal machining, and some machining 
still seems necessary for mast ceramic 
radomes with the possible exception of glasa- 
bonded mira. 


9-20, Glass Properties 


It is not possible in anything short of a full 
textbook to cover the variations in physical 
properties which can be obtained with glasses 
of different compositions. Dielectric constants 


O48. Dielectric Properties of Porous Ceramics 


Metzger found that the dielectric constant of 
porous bodies made from alumina, kaolin, and 
plaster of paris could be expressed by the 
simpie formula 


e714 0,020 (9-1) 


where ¢, isthe relative dielectric constant and 
Pp is the density in lbs per cu ft, Giles and 
Hessinger have plotted the dielectric constant 
of porous wollastonite bodies and the curve can 
be expressed very closely by the expression 


fy = 0,92 + 0,022 te (9-2) 
Loss tangent at 9.4 kmc is about 0,002, 


The wollastonite bodies made from xonotlite 
have a dielectric constant of about 1.4 anda 
logs tangent of about 0.001, 


GLASSES 


may run from about 3,8 for vitreous silica, to 
6 or 7 for the more common silicate glasses, 
to 8 to 10 for high-lead glasses, and up to 15 
or greater for special glasses, 


With the exception of vitreous silica and the 
few very high silica glasses (such as Corning 
Vycor), glasses in general do not have outstand- 
ingly good resistance to thermal shock, mostly 
because of their moderate strength, low thermal 
conductivity, and high elastic constants. 
Because of its extremely low expansion, vitre- 
ous silica has exceptionally good resistance to 
thermal shock; but, because of its very high 
viscosity at the uaual glass working tempera- 
tures, it is difficult and expensive to form. 


Other physical properties of the glasses will 
be discussed in the general discussion of 
physical properties of all ceramic materiala, 


0-21. New Glasses 


Recently there have been develoned some new 
materials such as Corning Ceram 607 BUZ 
(#8606) and 607 AVE (#8608), which possess some 
of the useful forming properties of glasses, and 
can, by heat treatment, be converted into bodies 
with much higher atrength than the usual 
glasses, The shapes are formed in the a 
way from eee of special rohnert ia 
necessary, they may be machined while atil! in 


the glassy state, when the machining can be 
carried out much more easily thanon the usually 
harder ceramic materials, 


The shapes are then heated toa carefully con- 
trolled predetermined temperature, Here they 
devitrify or crystallize, The change in volume 
is not very large in this process, and {t appears 
Probable that close dimensional tolerances can 


be maintained, The strenzth is greatly enhanced 
in the crystallization process. The dielectric 
Properties compare favorably with those of 
other ceramic dielectric materials, and are 
listed in ‘lables ¥-U and y-1u, 


These materials were developed by Corning 
Glass and bear the trade names Fotoceram and 
Pyroceram. 


SECTION E, GLASS-BONDED MICA AND FUSION-CAST CERAMIC MATERIALS 


9-22. Glase-Bonded Mica and Ceramoplastics 


Of all the ceramic materials which, up to the 
present time, have been worked on in the ra- 
dome field, only two have shown that they can 
be formed, without machining, to radome 
shapes with dimensional tolerances satisfac- 
tory to the designers. These are glass-bonded 
mica and ceramoplastics, which are manufac- 
tured under the trade names of Mycalex and 
Supramica, respectively. These bodies consist 
of an intimate mixture of finely ground miga 
(natural or artificial) bonded with a specially 
selected low-temperature softening glass. 


These materials, preheated to soften the 
glass, can be formed by injection molding in 
heated metal molds; since there is no further 
change in volume after forming other than the 
thermal contraction on cooling from the form- 
ing temperature, the only real limit to the di- 
mensional tolerances that can be met on the 
finished piece are the precision with which the 
forming dies can be made. Small, full-scale, 
missile radomes have been made, 


In addition, the nature of these materials ia 
such that machining in the finished state is 
quite practical without diamond tools. This 
means that, for experimental and development 
work, different tapers may be cut on pieces 
from the same mold, thereby expediting the 
work and reducing the costs, 


Both Mycalex 400 and Supramica 600 have a 
dielectric constant of about 7 with a loss tan- 


gent. of 0,003 at 10 kme. 


At the present time probably the greatest 
weakness of materials of this kind is the low 
softening point of the glass, which must be 
such that the material is workable at tempera- 
tures compatible with reasonable life of the 
metal molds used. ‘The materials are, how- 
ever, capable of operating at temperatures 
several hundred degrees in excess of those 
recommended for most organic plastic mate- 
rials. For example, Supramica §00 is capable 
of operating at a continuoustemperature of 500° 
C and might very well be applicable to radomes 
for moderate speed missiles. 


9-28, Fusion-Cast Ceramic Materials 


One class of materials which is not usually 
considered for dielectric applications is that 
group of materials made by melting the ceramic 
raw materials in an electric furnace and pour. 
ing them into graphite, sand, or other molds, 
Many refractory shapes for glass and steel 
furnaces are made in this way. Since dielectric 
Pieces are usually small it has not been 
practical for thig process to compete with the 
usual ceramic forming methods, However, 
when the pieces required get to be as large as 
some radomes are now, some method like this 
may prove practical, Shapes such as fairly thin 
walled crucibies and some of the more compli- 
cated shapes used in feeder parts for glass 
tanks are now standard itema. The possibilities 
of the method are such that radomes of these 
mater.als are not out of the question. 


SECTION G, PHYSICAL PROPERTIES OF CERAMIC MATERIALS 


9-24, Introduction 


The following sections give a short discussion 
of the physical properties of ceramic materials 
in general. Some more or less obvious gen- 
eralities which may be helpful in promoting a 
greater appreciation of the possibilities and 
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limitations of these materials are included aa 
well as tables ofthe more important properties, 
Inthese tables the materials willbe represented 
by one from each general category like alumina 
or beryllia, This means that the values are at 
best only a rough guide as to what may be done 
with a given kind of material, Individual 


a a ee ret 





suppliers should be consulted before the de- 
signer goes too far. Where available sources do 
not lista particular property of one kind of ma- 
terial the writer has made an intelligent guess. 
Since much of the numerical data is taken from 
identify the source of each value, since this 
could not very well be done without making dis- 
tinctions among the suppliers, 


9-25. Mechanical Properties 

From the mechanical standpoint certain 
properties are desirable for successful radome 
application. These are: 


1. Strength at ordinary temperatures and at 
high temperatures 


2. Resistance to impact 

3. Resistance to thermal shock 

4. Resistance to rain erosion 

5. Resistance to moisture absorption 
6. Lightness. 


Some of these, such as lightness and strength, 
are to some extent incompatible. Knowing all 





the materials he has to choose from, the de- 


signer has to make the best possible compro- 
mise. 


Strength. The strength of ceramic materials 
may So eApiecosed in a number of ways. It may 
be listed as crushing (compressive) strength, 
tensile strength, or flexural strength (also 
called modulus of rupture). Detaila of the 
recommended methods of evaluating these may 
be found under test D116-44 in the ASTM 
Standards 1955, Part 6. In very rough numbers, 
the flexural strength is usually about twice the 
tensile strength and the compressive strength 
is seven to ten times the tensile strength. 


The impact strengthis measured as the kinetic 
energy expended in breaking a bar of specified 
cross section when the bar is struck by a 
Pendulum which has been allowed to fall from a 
controlled and specified height. The details 
are listed under test D256-54T in the ASTM 
voluime. There is some doubt as to the meaning 
of such a test. A true brittleness test should 
probably measure the energy just required to 
break the sample rather than the energy ex- 
pended in breaking it, since a comparatively 
weak but very resilient sample might have good 
impact resistance, 


Table 9-2 shows representative strength 
values for a number of ceramic materials. 


Table 9-2]. Caromic Mechenical Strength Volves 


Tensile 

Strength 

Material (psi) 
Alumina 27,000 
Beryllia 22,000 
Steatite 10,090 
Forsterite 10,000 
Zircon 13,000 
Porcelain 6,000 
Cordierite 5,000 
Glass-bonded mica 7,000 


Pressed glassware 


Drawn glasa tubing 
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Compressive Flexural 
Strength Strength 
cP ace — (psi) __ 
280,000 50,000 
226,000 34,000 
90,000 20,000 
85,000 20,000 
75,000 24,060 
50,000 11,000 
35,000 16,000 
35,000 15,000 
6,000 - 10,000 
____ 10,000 - 20,000 





Table 9-II. Ceramic Mechanical Strength Values (cont) 


Tensile 
Strength 
(psi) 


; 


Material 
Window glass 
607 BUZ Ceram (#8606) 


Porous Ceramics 
« (15-40 Ib/cu ft) 


The strength of glasses is strongly affected by 
surface defects. On the other hand, the strength 
of glasses may be very materially increased by 
tempering. In this process the glass is chilled 
rapidly from a partially soft condition so that 
the exterior is in compression when the glass 
reaches room temperature. Since failure of a 
glass sample usually starts at a surface in ten- 
sion, greater loads may be applied before the 
surface reaches the critical breaking tension. 
In this way the strength of simple shapes may 
be increased by a factor of 2.5 to 3.5. 


Tempering has also been tried on other types 
of ceramic bodies with cqnsiderable success. 
Strengths of alumina and steatite samples have 
been increased up to 40 percent. Here the 
samples have to be heated to a temperature 
where strain can be relieved before quenching. 
With alumina, this means temperatures in ex- 
cess of 2,500° F and with steatite 1,800° F, 


9-26. Resistance to Impact 


Ceramic materials, as contrasted with metals, 
are usually considered as brittle. This is 
probably associated with the fact that they do 
not show any plastic or viscous flow at room 
temperatures right up to the breaking point. 
Also, the elastic constants of most glasses and 
dense materials are high. The result is that 
when a ceramic piece is struck, its inability to 
flow, along with its high elastic constants, 
causes high instantaneous stresses that may 
result in fracture. Catalogs usually list impact 
strengths, but their interpretation is of doubtful 
value and no figures will be given here. 


9-27, Resistance to Thermal Shock 


Many radomes in service will undoubtedly be 
subjected to severe thermal shock. While the 
calculation of the stresses in any particular 
piece under these conditions is extremely com- 
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her, aby SE 
Compressive Flexural 
Strength Strength 
__(pst) {paid 


12,000 - 25,000 


30,000 


100 - 400 


plicated, certain properties will minimize the 
tendency to fail under sudden heating. These 
are: 


1. Low coefficient of thermal expansion 
2. High thermal conductivity 
3. High strength 


4. Low elastic constants. 

Typical values of coefficients of thermal ex- 
pansion are listed in Table 9-III, Thermal con- 
ductivity values are listed in Table 9-IV, 


Thermal Conductivity. This property secms to 
be relatedto the simplicity and regularity of the 
ionic arrangement. Close packing of the oxygen 
ions with very small cations in the interstices to 
interfere with the passage of elastic waves 
through the lattice seems to favor high conduc- 
tivity. Beryllia is the outstandingly conspicuous 
example. Magnesia is another example and 
alumina another. Spinel, having closely packed 
oxygen ions but having two kinds of cations in 
the interstices, has fairly high conductivity. 
As the complexity of the structure increases, 
the conductivity decreases correspondingly. 
Glasses, with their lack of regularity, in general 
have much lower conductivities than the crystal- 
line bodies. Bodies with a considerable amount 
of glass phase, such as porcelain, have lower 
conductivity than those where the glass phase 
represents only a very smal) fraction of the 
total volume, such as the relatively pure oxide 
ceramics. Where porosity is present, the con- 
ductivity will be further decreased. Porous 
céramic insulating bodies may have conduc- 
tivities in the neighborhood of 0.02, 





The values given in Table 9-IV are only in- 
tended as arough guide, since the method of man- 
ufacture strongly influences the conductivity. 
in particular, to obtain a body which can be 





Tabie Jn]JJ. Ceramic Coefficients 
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Coefficient 
Material (in,/in,/OF) x 108 
Alumina 4.5 
Beryllia 4.7 
Steatite 4.3 
Foraterite 5.9 
Zircon 2.6 
Porcelain 3.3 
Cordierite 1.3 


Glass-bonded mica 
Window glass 
Borosilicate glass 
96% silica glass 
Vitreous silica 


607 BUZ Ceram (#8606) 


Table SIV, Coremic Thermal Conductivities 





Thermal Conductivity 








Material _{Btu/sq ft/nr/OF /tt) 
Alumina 10 
Beryllia 125 
Steaute i.4 
Forsterite 1.9 
Magnesia 20 
Zircon 2.9 
Porcelain 1.1 
Cordierite 1.1 
Glass-bonded mica 1a 
Soda lime glass 0.5 
Vitreous silica 0.8 


formed and fired with regular commercial 


Beane een an on tedden th. nm e 
proceascs and kilns, the main constituent of 


the high alumina or high beryllia bodies may 
only be 90 percent or tesa of the total body, the 
remaining part boing fluxcs to lower the firing 
temperature or may be ingredients added to give 
desirr’-le working properties in the forming 
Opera,.2sn. Bodies made with beryllia ranging 
from 70 to 95 percent may have conductivities 
from 30 to 90, which are atilt high by ceramic 
standards. 


High thermal conductivity ia desirable in im- 
proving thermal shock resistance because it 
helps to reduce steep thermal gradients within 
the piece. 


9-28. Elastic Constants 


The values of the elastic constants are important 
both in impact resistance and in thermal shock 
resistance, In both cases low values of Young’s 
modulus and mudulus of rigidity are helpful, It 
is usually not possible to do much toward inde- 
pendently controlling these elastic constants. 
Usually whatever lowers the elastic constants 
also lowers the strength and possibly the thermal 
conductivity, For this reason it is hard to find 
any really successful attempts to show experi- 
mentally the effect of high or low elastic con- 
stants on either impactor thermal shock resis- 
tance, However, porous ceramic bodies are 
usually better in thermal shock than very dense 
bodies of comparable expansion and, since the 
strength and conductivity of these will be lower 
than the corresponding properties in a dense 
body of the same composition, the lower elastic 
constants must take the credit, 


Values of Young's modulus for some materials 
are shown in Table 9-V. Rigidity modulus u fol- 
lows closely the same pattern as Young's mod- 
ulus E. Since they are related by the formula 


E 
ot 9-3 
7 2(1+0) oo 


and since Polsson’s ratio 7 is usually just a 
little below 0.25 for ceramic bodies, this 13 to 
be expected. 


9-29 Hardness 


It is out of place here to try to evaluate the 
data which have been compiled from time to 
time on resistance of different compositions to 
Tain erosion. It does seem reasonable to ex- 
pect that hardness wili piay an important part. 
With thts in mind, the Knoop hardness valucs of 
a few ceramic materials are shown in Table 
9-VI. 





Table 9m_V. Young's Modulus for Ceromics 


-—-—————_-— 


Material 


ivioduius, 
(psi x 10°”) 


















Alumina 43 
Steatite 

Zircon 

Wollastonite (dense) 
Silicate glasses 
Wollastonite (18 lb/cu ft) 
Glass-bonded mica 

607 BUZ Ceram (#8606) 
607 AVE Ceram (#8605) 


Table 9=-VI. Ceramic Knoop Hardness Volues 














Material Hardness 
Alumina 2,000 
Beryltia 1,220 


Glasses 300 - 500 


The only materials usually listed as having 
hardness greater than that of alumina are car- 
bides, borides, and diamond. 


9-30, Refractoriness. 


From a mechanical standpoint the radome de- 
signer is interested in materials which will 
keep a reasonable amount of their strength at 
somewhat elevated temperatures, Table 9-VII 
lists, as a very rough guide, what are called 
safe operating temperatures for a few ceramic 
bodies, The term is purposely vague but might 
be taken as a temperature above which one 
could not depend upon dimensional stability. It 
is highly probable that the electrical require- 
ments rather than the mechanical witl deter- 
mine the upper temperature limit, 


Toble 9-VIJ. Ceramic Sofe Operating Temperatures 




















I aa . 
Materiai Degrees (F) 
Alumina (100%) 3,540 
Alumina (96%) 3,100 
Zircon 2,650 
Alumina (84%) 2,550 
Porcelain 2,185 | 
Steatite 1,830 
Forsterite 1,830 
Glasses 700 - 900 
Mycalex 400 700 
Mycalex K-10 750 


Approximate densities of some representative 
ceramic bodies are given in Table 9-VIII, 


Table I=VITL Densities of Ceramica 







Density 
(Ib/cu ft) 





Material 




















Alumina 220 
Beryllia 185 
Steatite 170 
Forsterite 170 
Zircon 230 
Porcelain 145 
Cordierite 125 
Glass-bonded mica 190 
Window glass 150 
Borosilicate glass 140 
96% silica glass 135 
Vitreous silica 140 
Porous wollastonite 

(strength 500 psi) 40 

srous wollastonite 

(strength 100-200 psi) 20 
607 BUZ Ceram (#8606) 160 


607 AVE Ceram (#8605) 160 


SECTION H, ELECTRICAL PROPERTIES OF CERAMICS 


9-31, Effect of Composition 


Most conventional electrical ceramic materials 
consist of one or more crystalline phases held 
together with a glass phase, The composition of 
the glass phase, if present, is usually difficult to 
specify with any degree of precision, since it 
depends: on the temperature and rate at which 
the final state of the material has been reached, 
Where silica is present inthe body composition, 
as very often it is to some degree, a certain 
amount will help to form the glass phase and the 


rest may go into forming crystalline phases with 
the other oxides present, Usually only in the 
case of the very pure oxides, of necessity fired 
at very high temperatures, can one consider the 
glass phase as being negligible, 


Ceramic dielectrics made of very pure re- 
fractory oxides are usually very low in dielec- 
tric losses, Aluminum oxide and magnesium 





oxide are examples. On the other hand, glasses 
can be made to give extremely. high losses over 
the whole practical frequency range. Pure 
vitranne eilica hae an evtramely tow Inag tan. 
gent, but as the impurities are increased, par- 
ticularly the smaller alkali ions, the losses 
mount rapidly, One may consider that in a 
ceramic dielectric the crystalline phase governs 
the dielectric constant while the glass phase 
is mainly responsible for the losses. The art 
or science of making good dielectric materials 
therefore consists mainly in so controlling the 
glass phase that the losses are kept small, 


At the frequencies at which radomes are de- 
signed to be used, any losses caused by d-c 
electrical conductivity in the glass or glass 
phase may usually be neglected. The losses 
probably arise mainly froi the ability of some 
of the ions present to jump back and forth 
between two adjacent positions of equilibrium 
separated by a potential barrier. The relaxa- 
tion time associated with such a process will be 
proportional to e#/KTwhere ¢ is the work re- 
quired to lift the particular ion over thebarrier, 
k is Boltzmann’s constant and T is the absolute 
temperature. If there is a range of values of the 
potential barriers involved, there may be an 
extremely wide range of relaxation times, be- 
cause of the exponential form of the relation 
between them. ~ 


Under the action of an alternating current field 
only those processes which have a relaxation 
time in the neighborhood of 1/27f will contribute 
to the losses. All of those processes which have 
relaxation times lower than this value will con- 
tribute to the dielectric constant. The result is 
that the dielectric constant always decreases 
with increasing frequency while the loss tangent 
may increase or decrease. It so happens that 
in most ceramic materials the loss tangent de- 
creases with increasing frequency up to about 
10? cycles per second and then increases some- 
what up to 1010 cycles per second. 

If the composition of the material is such that 
there are very few processes present with re- 
laxation times over the range from 102 up to 
1010, this means that the losses will be very 
low over this whole frequency range. It also 
means thatthe dielectric constant will vary very 
little over the same range. In general it may be 
noticed that in any good table of dielectric 
rroperties those materials that show the lowest 
losses also show the least variation of dielectric 
constant with frequency. 


Table 9-IX lists typical values of dielectric 
constants and loss tangerts for representative 
ceramic materials. ‘ 
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Table 9~]X. Dielectric Properties of 
Cercmic Moteriols 


| Nielectrie Toaa Tangent 


Material ‘Constant (at 1010cps)_ 


















Alumina 8.8 C,0018 





Beryllia 4.2 0.0005 











Magnesia 9.6 <0,0063 







Steatite 5.8 0,094 
11.4 0.001 

Zircon bodies 
8.0 0,002 
6,1 


Forsterite 0,0003 















Porcelain 5.4 0,008 










Cordierite 5.0 0.003 








Vitreous silica 3,78 G,00017 







96% silica glass 3,82 0.00094 








6.7 0,017 





Soda lime glass 





Borosilicate glass 4.5 0.0086 













Soda potash lead 
glass 6.6 0.0063 












Glass-bonded mica 7.1 
(20 lb/cu ft)1.38 ! 


(30 lb/cu ft)1,59 


0.0033 





Foamed 0,003 


wollastonite 


607 Buz Ceram (#8606) 5.45 0,0029 





9-33, Temperature Effects 


Of more importance in radome work than 
stability of dielectric constant with frequency 
is the stability with temperature at the design 
frequency. Any serious variation of the dielec- 
tric constant with temperature can very 
seriously affect radome performance. 


The effect of atemperature rise is to decrease 
the relaxation time associated with any process. 
This means that at a fixed frequency the 
processes that contribute to the losses at an 
elevated temperature are the processes which 
at room temperature would have contributed to 
the losses at a lower frequency. Therefore, 1 
a majerial has very low losses down from 10 
to 10* cycles per second, it will have a dielec- 


tric constant which remains stable over a wide 
temperature range. At lower frequencies the 
temperature range over which the dielectric 
constant remains constant may be much less. 
The very high frequencies for which the radome 
must work, therefore, are an advantage from 
the standpoint ofthe temperature stability of the 
materials out of which the radome is made. For 
the best temperature stability, materials should 
be chosen which have low losses over the widest 
possible range down from the operating 
frequency. The pure oxides come closest to 
fulfilling these conditions, Measurements listed 
by Von Hippel show that the variations of di- 
electric constant with temperature follow the 
general pattern which would be expected from 
the considerations just discussed, 


9-34, Losses Veraus Structure 


As mention d before, the dielectric losses are 
usually associated with the glass phase in the 
ceramic material, If the glass nhase occupies 
only about 10 percent of the volume of the ma- 
terial and if, as is often the case, most of the 
impurities are concentrated in the glass phage, 
then comparatively small amounts of impurities 
can constitute a goodly percentage of the glass 
phase, with resultant high lasses, 


Studies of glass structure indicate that a large 
part of the losses are related tothe way inwhich 
such ions as the alkali ions fit into the inter~ 
stices of the glass. If there are many ions in 
interstices which are too large for them, then 
the losses will be high. Very small amounta of 
sodium or lithium do not have a great effect in 
increasing the losses, but larger amounts can 
cause very great losses because the excess jong 
have to fit themselves into interstices which are 
too large for them. Similarly, mixtures of ions 
can cause very much lower losses than the 
same mole percent of a single ion. Small tons 
are usually associated with greater losses than 
large ions. In steatite bodies the addition of 
barium has frequently been used to lower the 
losses because of the large size of the barium 
jon. 


The relations between the ions present in a 
ceramic body and the losses can never be 
simple, Addition of alkalis or alkaline earths 
can affect many things besides modifying the 
composition of the glass phase. They can 
change the viscosity of the glass phase and 
change the rate of crystal formation or the 
species of crys.al which is forming. All of 
these things have a very complicated effect on 
the composition an@ amount of the glass phase 
present, 


Since it is possible to examine the structure 
of ceramic bodies either by observing thin sec- 


“tk 


tions in transmitted light or potished sections 
in reflected light, it might be expected that the 
conncetions bétweea the amuunis of the differ- 
ent phases present and the shapes in which they 
exist, on the one hand, and the dielectric 
propertics, on the other, might be rather weil 
worked out. Actually very little in the way of 
such an approach is available in the literature, 
and the development of dielectric ceramics has 
been largely a matter of trial and error. 


Several authors have attempted to derive ex- 
pressions for the dielectric properties of mix- 
tures of phases. Probably the most convincing 
and satisfactory of these is the treatment of 
Niesel, who derives expressions both for the 
dielectrjc constant and also for the loss 
tangent,“+» 


The cases covered in his papers include 
different shapes of crystals embedded in a con- 
tinuous glass phase. He also treats the case of 
a polycrystalline material with randomly ori- 
ented crystals completely filling the space. 
Eichbaum has shown that Niesel’s formulas may 
be used with considerable success to predict 
the dielectric properties of certain wollastonite 
bodies in which the volume fractions of the 
separate phases are determined by a counting 
method witha polished section under the micro- 
scope.22 Much more work along these lines ig 
called for, 


Niesel’s treatment does not cover the case of 
a dielectric with much interconnected porosity. 
Metzger has shown that certain empirical re- 
lationships may be used with considerable re- 
liance in such cases. 


Ina manner analogous to the uge of the so- 
called Gladstone-Dale index in the prediction 
of the refractive indices of glasses, it was 
assumed that in a porous ceramic body of given 
composition the quantity 


{ - 1 = ky = constant (9-4) 


& 
for different porosities. «©, is the relative di- 
electric constant and - is the density, If kyp is 
much less than unity, 


ep = 1+ 2k, (9-5) 


When the density is measured in pounds per 
cubic feet, the constant k, in this relation is 
9.01, 


The electrical properties of a glaze are de- 
termined by the material employed. From an 
electrical point of view, the glaze may be con- 
sidered as a thin skin of dielectric constant 
higher than the porous ceramic core which it 
protects. 
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GLOSSARY 


Autoclave, At apparatus for tha treatment of 
ceramic and other materials at elevated tem- 
peratures and high pressures of water vapor. 


Bisque fired. A ceramic body #6 said to be 
bisque fired when fired to a temperature suf- 
ficient to give it considerable handling strength 
but not sufficient to allow itto reach maturity 
or that state where the poresity reaches a 
very low value. 


Compressive strength or crushing strength. This 
isthe maximum compressive stress, in pounds 
per square inch, which a ceramic sample of a 
certain shape will withstand before fracture. 
For most ceramic bodies this is very much 
greater than aither the tensile strength or 
modulus of rupture. 


Decant. To pour off from a mixture of water 
and a solid material that fraction staying 
easily in suspension, leaving behind the solid 
material that has settled out or never gone 
into suspension, 


Deflocculation. That state of a suspension in 
which each particle is separated from its 
neighbors, resulting in greater fluidity than 


when the particles tend to adhere to each 
other, 


Diagram, Contraction for phase rule diagram 
which is a two- or three-dimensional plot 
showing the stable existence and coexistence 
of possible compounds, liquids, and solid 
solutions in a mix of known proportions of 
twoor more oxides at different temperatures, 


Modulus of rupture. The breaking strength of 
a bar of ceramic material when supported 
between knife edges and loaded in the mid~ 
dle, The strength is expressed as the stress 
in pounds per square inch in that layer of the 
bar in which the stress is greatest, assuming 
perfect elasticity up to the break‘ng point, 
This is computed according to the: formula 
(for a bar of rectangular crogs section). 


_ SWe 

M * dap? 
where M is the modulus of rupture, W is the 
load in pounds required to break the var, X is 
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ihe distance between the knife edges, a is the 
width, and b is the thickness, all measured 
in inches, 


Phase. Any physically and chemically homo- 
geneous fraction of a ceramic mix. Possible 
phases might be crystals of any of the oxides 
present or crystals of any compounds of sol- 
id solutions containing several oxides. Usu- 
ally ina ceramic body containing any silica 
or other glass-forming oxide, there will also 
be a noncrystalline phase which will be a 
glass whose composition will depend on the 
composition of the original mix and the ther- 
mal history to which it has been exposed. 


Relaxation time, Under the action of an applied 
electric field E there will be some molecular 
processes whose contribution tothe electrical 
displacement D will not be instantaneous but 
will have the general form 


D=Dy {1 -evt} 


where Do isu constant which gives their con- 
tribution tothe displacement after avery long 
time and 7 is a quantity with the dimensions 
of a time which isa characteristic of the pro- 
cess. When 7 is large the process responds 
slowly but when 7 is small the process re- 
sponds rapidly, 7 is called the relaxationtime, 


Slurry. A thick suspension of a finely ground 
solid in water or other liquid. 


Steatite. A fired ceramic material with a 
chemical composition in the neighborhood of 
that of the compound enstatite MgO-Si02, 


Supernatant, Applies to that fraction of a mix- 
ture of solid and water in which the solid 
exists in a well dispersed suspension. 


Tensile strength, The tensile stress in pounds 
per square inch required to cause fracture in 
a ceramic sample, Since most ceramic ma- 
terials at room temperature exhibit no plas- 
tic low up to the breaking point, it is neces- 
gary to use great care in proparing almost 
perfectly straight samples to avoid any bend- 
in effects, 


-_ 
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INDEX OF SYMBOLS 


Constant determined by atomic or 
molecular polarizability and 
temperature 

Constant # 8x10-5 per ft 

Velocity of sound 

Distance 


Fresnel straight-edge diffraction 
pattern. 


Composite far-field pattern 
Absolute gain of antenna 
Gain factor 

Altitude in ft 


Angle of incidence with respect to 
normal and shock fronts 


Constant for a given pattern 

Diameter of spherical eddies 

Mach number 

Constant for a given pattern; para- 
meter P determined by half-power 
beamwidth of antenna pattern 

Free-space pattern 

Relative strength of Image Antenna 


Beam shape 


Unperturbed far-field antenna 
pattern 


Pressure in supersonic flow 
Final pressure 


Angle of refraction 


85 


Yy 
ug 
B 


arms 


As 


1 


eo} 


%0 


1 


%2 


¢* 


Distance from nacelle to antenna 
Velocity of object 
Velocity of air in air priam 


Angle which shock wave makes with 
axis of aircraft 


Puth error 

Root-mean-square difference in 
dielectric constant in turbulent 
medium 


Mean-square fluctuations of dielec- 
tric constant 


Dielectric constant of a gaseous 
medium 


Azimuth angle 


Angle intercepted at edge of re- 
flecting surface in horizontal plane 


Square root of ratio of velocities in 
supersonic shock front 


Density in air prism 

Density in free air 

Elevation or depression angle 

Direction of beam maximum with 
respect to horizontal or angle 
intercepted at edge of reflectin 
surface in vertical plane 4 

Arbitrary elevation angle 


Maximum angle of shaped-beam 
portion of pattern 


Angle at which functions e~p2me 
and K csc“ ¢ cos ¢ meet in 
common tangent 
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AIRBORNE RADAR INSTALLATION TOPICS 


SECTION A, INTRODUCTION 


In the preceding chapters, methods of radome 
analysis, problems and techniques of design, 
and criteria of performance have heendiscussed. 
Until now, little has been said about the place- 
ment of the antenna and radome on the aircraft 
or missile airframe, the needs for stabilization 
of the scanner for ce: taintypes of radar systems, 
the swept volumeof scanningantennas, nor about 
the effect that the location of the antenna with 
respect to the airframe may have upon the per- 
formance of the radar system as a whole. 


In this chapter we shall consider the various 


factors which governthe size and location of the 
yadome, We shall consider interference and 
diffraction effects which may result from the 
presence of the aircraft's wings or fuselage in 
close proximity to the radar antenna, The per- 
formance of the radar, despite the angular mo- 
tions of the aircraft in flight, also requires 
consideration. In these matters we do not deal 
with the properties of the radome or its con- 
struction, -but it will be obvious that the matters 
to be discussed become of considerable impor- 
tance in the design of the radome. 


SECTION B. STABILIZATION AND MOUNTING PROBLEMS 


10-1. Pressurization 


At an altitude of 50,000 ft or greater corona 
discharge will frequently occur on the antenna 
feed when the peak power is upward of 150 
kilowatts, The pressurizing cover, or feedome, 
for the antenna feed must be large in order for 
corona not to occur at very high power and high 
altitude. The effect of the corona discharge is 
to heat the feedome, soften the plastic or resin, 
and cause a pressure bubble to form and burst 
with a consequent loss uf pressure in the sys- 
tem and voltage breakdown in the transmission 
line, It istherefore advisable in some instances 
to pressurize the entire radometo avoid corona 
discharge on the fexdcme. 


To pressurize the radome, the dome must it- 
sclf be pressure tight ana structurally strong 
enough to maintain the pressure at the extreme 
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operating altitude. A seal must be provided at 
the seat of the radome mounting rim and the 
nacelle. Since aerodynamic heating may cause 
a considerable rise in temperature of the skin 
and radome, the seal must be ofa suitable mate- 
riai to provide an adequate pressure seal at the 
extremes of temperature and pressure. 


Thus far only experimental studies of radome 
pressurization have been performed. No design 
data 1s as yet available. 


10-2, Stabilization! 


Because aircraft in flight are unsteady veni- 
cles, subject to roll, pitch, and yaw, stabiliza- 
tion of the radar antennas is often required to 
maintain the position of the radar beam in space 
despite the involuntary maneuvers of the craft. 
Stabilization is also required for maintaining 


" eee 


the pusition of the radar beam in space auto- 
matically despite the roll and pitch of an air- 
craft caused by flight maneuvers. Stabilization 
is usually «ssential to obtain the required ac- 
curacy in target location, fire control, and 
weapons guidance. 


In antenna stabilization, one or more gyro- 
scopes and a servomechanism automatically tilt 
the radar beam an equal amount in a direction 
opposite the pitching or rolling of the vehicle in 
which it is mounted, with the result that the 
radiated beam is unaffected by the changing 
attitude, 


Stabilization may be accomplished by two 
methods: mechanical stabllization and data 
stabilization. Only mechanical stabilization 
need concern the radome and antenna nacelle 
designer; data stabilization is accomplished 
electronically within the radar system itself, 
Data stabilization is only a partial substitute 
for mechanical stabilization, since if the vehicle 
rolls or pitches to such an extent that the radar 
beam no longer scans the desired part of the 
field, data stabilization cannot compensate. 


Platform Stabilization, Kinematically, the 
most nearly perfect airborne stabilization 
scheme is the one in which the antenna scanner 
is mounted on a gimbal system that maintains 
the axis of the scan truly vertical. The gyro- 
scope provides a stable vertical reference, 
Separate servomechanisms, connected to the 
roll and pitch axes respectively, keep the scan- 
ner axis parallel to the axis of the gyroscope, 
Two arrangements of axes and antenna mountirg 
are shown in Figure 10-1. 


Line-of-Sight Stabilization, For this method 
of stabilization, no effort is made to maintain a 
level platform, Instead, referring to Figure 
10-2, as the antenna rctates in its scanning 
function about the azimuth axis, a sérvomech- 
anism maintains the angle @ at the proper value 
to compensate for both pitch and roll, Thus the 
beam scans in the horizontal plane or in a 
plane at a prescribed angle above or below the 
horizontal. 


For a penctl-beam antenna, tle results ob- 
tained with line-of-sight stabilization are es- 
sentlally the same as withplatform stabilization, 
For a shaped-beam antenna such as cosecant- 
squared, however, the results are different. 
Line-of-sight permits beam tilting with respect 
to the ground, as illustrated in Figure 10-6, 
whereas platform stabilization prevents this 
beam tilt. 
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fixed to airframe 






roli axis 


azimuth 
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azimuth 
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airframe 
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Figure 10-1, Two Arrangements For Platform Stabillxetion 


By way of contrast, with pitch stabilization (no 
compensation for roll) the antenna scans in a 
plane tilted with respect tothe horizontal plane. 


Two different forma of line-of-sight stabiliza- 
tion are possible. In one, the gyro is a stable 
vertical mounted onthe scanner; in the other, the 
gyro isa stable vertical mounted remotely from 
the scanner. 





fixed to 
airframe 
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azimuth 
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to 
airframe 





ozimuth 
axis 
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Figure 10—_2, Two Mounting Arrangements For Line: Of-Sighi 
Stabilization; Angle of Depression to Keep Beam Hori- 
sonte! Given by Sin >= Sin a Sin R ~ Cos 2 Sin P Coe 
R Where a =Arimuth Angle From Dead Aheod, R = 
Roll Angle, and P = Pitch Angle 


Roll Stabilization, For some applications, 
pitch stabilization is not essential to the per- 
formance of the radar system, and only roll 
stabilization is required, Automatic stabiliza~- 
tion about the roll axis is obtained by utilizing 
only the roll-gimbal axis of the platform 
stabilization. 


Pitch Stabilization, Pitch stabilization is de- 
signed to compensate for changes of attitude of 
the aircraft in glide, climb, or angle of attack. 
Like roll stabilization, it is patterned after the 
platform stabilization method, 


Yaw Stabilization. Compensation for yaw in 
an aircraft fs necessary in only very limited 
cages. One of these is side-wise search radar, 
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in which the antenna is oriented in such a man- 
ner as to constantly look perpendicular to the 
line of flight cf the aircraft, This is most fre- 
quently accomplished by data stabilization, ie,, 
by aiiesing ihe radar presentation to suit the 
circumstances. Sector scanners may be yaw- 
stabilized about the vertical axis by means of a 
herlzuntal gyroseupe. It is unlikely, however, 
that yaw stabilization will materially affect the 
swept volume of the scanner, and consequently 
it is not likely that the radome will need to be 
larger in volume to accommodate the scanner. 


10-3, Swept Volume 


Platform and roll-stabilized scanners require 
an increase in the volume of the radome needed 
to house the scanner and the stabilization equip- 
ment, Thig results from the relative displace- 
ment of the scanner, as illustrated in Figure 
10-3, The swept volume is determined by the 
moment arm of the stabilization system, Even 
the most compact platform or roll-stabilized 
scanner requires a larger radome than a line- 
of-sight stabilized scanner with an antenna of 
the same dimensions, 





Figure 10-3. Increose in Radome Size for Roll: 
Stabilized Antenno 


tt shouldbe noted, however, that roll-stabilized 
sector scanners do not increase the swept vol- 
ume, because they can always be designed in 
sucha manner that the roll axis is coincident 
with the geometric center of the scanner, and 
therefore may fit into a circularly symmetric 
radome. In other words, the scanner may be 
designed to fit into a radome that is symmetric 
about the roll axis. This is illustrated in 
Figure 10-4. 





Figure 1004, Axielly-Symmetric Roll-Stobilized Sector Sconne: 
Req viring no Increase in Radome Size 
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The swept volume of a scanner system is de- 
termined by the surface which is generated by 
the antenna structure in its extreme condition 
of stabilized motion. This surface then defines 
the smallest radome which can house the scanner 
system, 


Ag an ijlustration let us consider a typicai de- 
sign problem, An antenna is to be designed for 
usé ina missile. Thé antenna must have a 
shaped beam for ground mapping, and must 
scan +90° in azimuth. The characteristics of 
the missile require that the antenna scanner be 
roll-stabilized, and the tactical application re- 
quires that the scanner be pitch-stabilized 
from +18° to -68°. The antenna system chosen 
consists oftwo identical shaped-beam antennas, 
back-to-back, continually rotating in azimuth, 
and alternately excited by means of a rotary 
switch. The roll axis is the centerline of the 
radome, which is symmetric about the longitu- 
dinal axis of the missile. Clearance between 
the radome inner surface and the antenna re- 
flector is chosen to be no less than one-half 
inch for all conditions of pitch. The resulting 
antenna outline drawing and the clearance curves 
are shown in Figure 10-5, The clearance figure 
is generated by the circle of smallest radius 
within which the spinning antenna system can fit 
under all conditions of pitch. The radius of 
this sphere must, of course, be one-half inch 
less thanthe radiusof the radome cross section, 
to maintain the one-half inch clearance. 


Clearance. There is no rigid formula for 
specifying the clearance criteria for any given 
radomeand antenna combination. The minimum 
clearance figvre for a particular antenna will 
be determined by the size of the antenna, the 
type of radome and its construction, the condi- 
tions of shock and vibration which the system 
must experience, and the rateand angular limits 
of antenna scan. In general, smali antennas will 
be housed 1 radomes which are relatively 
rigid, and consequently clearances can be small 
also. In certain guided missiles, which contain 
small conical scanner antennas for precision 
tracking, clearances of only a few thousandths 
ofan inch can be maintained, On the other hand, 
very large antennas, which, because of their 
size cannot remain truly rigid under conditions 
of shock and vibration, require much greater 
clearance space between the antenna and the 
radome inner wall, A clearance of at least an 
inch will be required for large antennas (i.e., 
airborne-early-warning antennas and similar 
types). Clearance, therefore, will range from a 
small fraction of an inch for small antennas to 
an inch or more for large antennas. 
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10-4. Stabilization for Various Types of 
Antennas 





Scanners designed for search about the azi- 
muth axis require either platform or line-of- 
sight stabilization. &xampies oi such equipments 
are long range search (airborne-early- warning) 
and navigation and bombing radars. A cosecant- 
squared type of beam is commonly used to ob- 
tain uniform ground illumination and maximum 
radar mapping range. Poor stabilization results 
in non-uniform ground illumination, and this in 
turn adversely affects the radar mapping pre- 
sentation and causes the maximum range of the 
target presentation to suffer, 


A disadvantage of line-of-sight stabilization 
is the distortion that appears on the PPI (Plan 
Position Indicator). When the axis of rotation 
is not vertical, the plane of a cosecant-squared 
beam will be tilted away fromthe vertical by an 
amount equal to the cross-traverse angle, and 
{s dependent on the heading of the scanner and 
the attitude of the aircraft. Consequently the 
beam will intersect the ground ina line different 
from the desired one. Ground targets will] there- 
fore appear displaced from their true positions 
as indicated in (A) of Figure 10-6. This condi- 
tion can, of course, be corrected by the use of 
platform or roll stabilization with consequent 
increase in swept volume. 


Navigation/bombing radars usually require 
platform, roll, or line-of-sight stabilization, 
depending upon the degree of azimuth scan, mis- 
sion profile of the weapons system, and relative 
stability of the vehicle in which the radar is 
mounted. In general, navigation/bombing radars 
require the greatest degree of stabilization, 
Modern weapons systems may require stabiliza- 
tion for bombing radars up to +50° in roll and 
between the limits of +20° to -60° in pitch. Na- 
vigational radars, of course, do not demand such 
a degree of stabilization. Typical requirements 
for navigational radars are +159 in roll and 
pitch, 


Fire control or gun aim radar for interceptor 
aircraft, tail warning and tail defense for 
bombers, and seeker antennas for active and 
semi-active guided missiles generally do not 
require platform or Hne-of-sight stabilization 
of the antenna scanner. This is primarily due 
to the fact that the scanner performs u search/ 
track function which is symmetric with respect 
to the axis of the vehicle. Roll stabilization is 
sometimes required, particularly if the vehicle, 
such as a missile, is not itself roll-stabilized 
to some degree. Roll stabilization is also re- 
quired for scanners whose search function is 
not axially symmetric with respect to the line 
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Figure 10—6. Beam Tilt Coused By Rail 


of flight. For example, a wig-wag or palmer 
search scan for a search/track radar should be 
roli-stabilized so that the vertical and horizontal 
reference may be retained during roll of the 
aircraft in maneuvers, The degree of roll 
stabilization for use in modern high-speed 
aircraft may be as great as «90°, 


Long range search or airborne-eariy-warning 
radar require line-of-sight stabilization, hut 
the complexity and large swept volume of plat- 
form stabilization isnot justified, If the vertical 
beamwidth of the search radar antenna pattern 
is sufficiently broad, mechanical stabilization 
will not be needed, since all targets of interest 
will be within the scanned volume of space. The 





operational flight 
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limits of stabilization for early warning radar 
need not be greater than +20° in roll. 


Sidewise search radar for aerial reconnais- 
sance requires roll stabilization so that the 
range and presentation are not advuraaly affacted 


by the roll of the aircraft. The stabilization 
may be as great as +309, 


The tolerance permitted in the stabilization 
accuracy will vary with the application. In 
general, the tolerance may be stated in terms 
of a fraction of the beamwidth, typically about 
one-fourth the beamwidth, Navigation/bombing 
and reconnaissance radars require greater 
precision in rol) stabilization for reasons which 
have already been discussed. Typical specifi- 
cations for roll stabilization accuracy are 
+1/4 degree. 


Considerable importance must be attached to 
the proper location, vision, and axial orienta- 
tion of the radar antenna in its installation. 


The axial orientation of the antenna must be 
accurately adjusted to the angle uf attack of the 
aircraft in normal flight, in order that the 
stabilization reference is also the inertial re- 
ference, with the vertical axis on the true verti- 
cal. This is important becausethe stabilization 
system is relieved of excessive effort and re- 
sults in more accurate stabilization as well as 
less wear.of the moving parts, Particularly in 
the case of unstabilized navigational and bombing 
antennas, improper axial orientation causes an 
uneven UUlumination of the ground, and results 
in the loss of uniform mapping. In the case of 
unstabilized search antennas, such as AEW 
radar, improper axial orientation causes the 






1 axis correction 


Figure 10-7, Axis Correction for Aircraft Attitude 
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possible loas of low altitude targets at long 
range and may contribute to excessive ground 
or seal clutter. The effect of roll on an unsta- 
bilized antenna ia shown in Figure 10-6. 


The vertical axis of the antenna rotation must 


be alined to the vertica’ at the best average at- 
Utude at which the aircrait is expected to fly 
operationally. This frequently impiles tilting 
the axis slightly backward from the perpendi- 
cular to the fusclage cénteriine, ao shown in 


Figure 10-7. 


SECTION C, PATTERN DISTORTION BY AIRCRAFT STRUCTURE 


10-5. Vision Requirements 


The vision requirements of a radar installation 
will, of course, be determined by the purpose 
and function of the radar system. Among the 
several different types of radar systems used 
in aircraft and missiles are the following: 
(1) Airborne-Early-Warning Search Radar, (2) 
Height Finder, (3) Navigational Radar, (4) Radar 
Bomb Sight, (5) Aerial Reconnaissance, (6) Guid- 
ance and Fire Control Radar, (7) Active and 
Semi-Active Homing Systems, (8) Tail Warning 
and Tail Defense Radar, and (9) Direction 
Finders. 


The radar must have the unobstructed vision 
required for its operation if itis to fulfill the 
purpose for which it was intended. The antenna 
must be housed inan aerodynamically acceptable 
radome which permits the field of vision re- 
quired. Where a protrusion from the aircraft 
is permissible, vision and stabilization require- 
ments canbe satisfied more readily, but it must 
be recognized that in many high performance 
aircraft protrusion of the antenna and radome is 
not welcome. 


A very common requirement is circular vision 
of the ground well out toward the horizon. The 
only good location for mounting the scanner is 
then below the fuselage. The problems of such 
a location include aerodynamic drag and re- 
quirementafor stabilization. If rearward vision 
is not required, an antenna with circular scan 
may be mounted just below the nose, where the 
radome can be completely faired in. Scanners 
for faghter-interceptor aircraft are installed in 
locations that allow vision in the forward hemi~- 
sphere. Installation inthe nose af the aircraft 
is the obvious choice. It sometimes happens, 
however, that the noseis not available for radar 
installation, and in such circumstances an ex- 
ternal housing becomes necessary. Possible 
types of installation might include a wing-tip 
pod, a nacelle faired into the leading edge of the 
wing, or a separate pod suspended beneath the 
wing. Scanners for protective fire control in 
bombers are located in a tail nacelle or other 
such locations where they can search for and 
track enemy fighters or missiles approaching 
from the rear or other anticipated directions. 
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10-6, Placement of Radome and Nacelle 


In attempting to meet the vision requirements 
of the radar systems, provision for installation 


may be made in a great variety of ways. A 
number of radome placements are indicated in 
the diagrams of Figure 10-8, 


In (A) of Figure 10-8 several radome instal- 
lations are shown as part of a large aircraft. 
Radome (1) permits approximately 180° scan in 
the azimuth plane, with vision unlimited in the 
downward direction. Radomes (2) and (3) per- 
mit 360° scaninazimuth. Radome (4) represents 
an installation for an aerial reconnaissance 
antenna inthe fuselage. Radome(5) is the same 
installationin a pod suspended beneath the wing. 


In (B) of Figure 10-8 ave shown (1) a radome 
which forms a part of the nose of the aircraft, 
permitting 180° scan, and (2) a tail installation 
permitting limited scanin the rear hemisphere. 


In (C) of Figure 10-8 possible radome place- 
ments for vision in the forward hemisphere are 
illustrated: (1) a nose radome, (2) a wing na- 
celle, and (3) a wing tip pod, 


In (D) of Figure 10-8 AEW (airborne-early- 
warning) radomes on a large aircraft are indi- 
cated: (1) abelly radome, and (2) a top radome, 


In (E) of Figure 10-8 anose radome ona large 
aircraft is shown; in (F) a chin radome: and in 
(G) a nose radome withan instrumentation boom 
extending from the apex of the nose cone. 


10-7, Interference Effects 


In addition to the refraction and reflection 
which occur at the radome interfaces, and which 
contribute to boresight shift and radiation pat- 
tern distortion, discussed in Chapters 2, 3 and 
4, there are two types of interference effects 
which should be considered. These effects are 
edge diffraction and skin reflection. 


Of course, other obstacles, such as pitot 
tubes, refueling probes, guns, propellers, pro- 
jectiles and missiles, may present serious 





Figure 10«8, Placement of Radome in Alrcratt 


problems to the radar designer. The undesirable 
results of placing an obstruction in the field of 
an antenna include attenuation, boresight shift, 
beam distortion, and reflection. Very little 
quantitative data is available, however, on the 
effect of such obstacles. The reader wishing 
further information is referred to the biblio- 
graphy. 


Edge diffraction ig distortion of the antenna 
radiation pattern as a result of an edge dis- 
continuity protruding into the envelope of rays 
emanating from the antenna, or at least ex- 
tending sufficiently close so that the edge is il- 
luminated. This causes reradiation of that 
energy as if the edge were another antenna, as 
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indicated in (A) of Figure 10-9, The original 
field pattern now has superimposed upon it 
another field pattern from the radiating edge. 
Constructive and destructive interference oc~ 
curs, producing fringes in the otherwise unper- 
turbed antenna pattern, 


The other type of interference which adversely 
affecta the radiation pattern is skin reflection. 
This is illustrated in (B) of Figure 10-9. If the 
raya from the antenna graze the outer reflecting 
surfaces of the airplane, it {s possible that re- 
flectedenergy willinterfere withthe direct rays 
and produce opposition and reinforcement in the 
antenna pattern, This resulis in the appearance 
of maxima and minima in the otherwise unper- 
turbed pattern. 
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Figure 10-9, Interference EHects Due to (A) Diffraction 
and (8) Reflection 


These two effects may caure one or more det- 
rimeutal effects to the radar performance; (1) 
they may cauae attentuation of the beam power, 
(2) they may produce a deflection of the beam 
to a new and unsuspected direction, and (3) 
they may diatort the antenna pattern and render 
it leas effect’ 3 in performance of its function. 


Synthesis of Edge Diffraction Patterns -- Anal- 

sis Bas rn. ca The exact anal- 
ysis of the effect of a radiated electric field 
from a directive antenna streaming past an 
opaque edge presents some obvious difficulties, 
The edge is in the near field of the antenna, 
where the phase and amplitude of the wave may 
be rapidly varying, The nacelle edge is clearly 
not a knife edge, since it isa cylindrical section 
of some sort, and its physical position with res- 
pect to the antenna ia very likely not conatant 
ag the antenna scang in azimuth, 


The following discussion of edge diffraction is 
presented for the purpose of developing a phyei- 
cal picture of the edge diffraction phenomenon, 
The method to be used is based upon a number 
of assumptions which are somewhat dubious. 
It is hoped, however, that the digscuasion will 
assist the reader to gain an appreciation of the 
problems involved. 


We assume, first, that the far-field power 
pattern in the elevation plane produced by a 
beam streaming past an opaque knife edge can 
be described by the product of the beam pat- 


tern and the Fresnel diffraction pattern of the 
knife edge: 


G (€) = P (¢) F's) (10-13) 


in which G(¢) 1a the composite far-field pattern, 
P(¢) the unperturbed far-field antenna pattern 
and F(¢) the Fresnel straight-edge diffraction 
pattern. The unperturbed antenna pattern is 
known, and for rergosss of iusiration will be 
described by a shaped beam for ground map- 


ping. In a typical case, thi# pattern is well- 
fitted by the expression 


2 42 
P (*) = gy e7P , for ¢,< ¢ co" 
(10-2) 
=&q Kesc”¢ cos ¢for ¢” s bs eo 


in which ¢ is the angle of depression with the 
horizon as reference; Bo is a gain factor; ¢; is 
an arbitrary elevation angle determined by the 
geometry; ¢* is the angle at which the functions 


e7P'?" and K cac® ¢ cos ¢ meet ina common 
tangent, and ¢) ia the maximum angle of the 
shaped-beam portion of the pattern and P and K 
are constants for a given pattern. The param- 
eter P is determined by the half-power beam- 
widtn of the antenna pattern. 


The statement of Equation (10-1) is open to 
criticiam because we have assumed that the far- 
field pattern of the antenna is operated on hy 
the edge diffraction pattern, when the edge is 
actually in the near field of the antenna, 


Our method, however, is equivalent to a zero- 
wavelength approximation for the antenna, by 
means of which we draw the rays from the an- 
tenna, and then calculate the phase front at the 
plane of the edge by geometric optics, This 
analysis is obviously not exact, but the results 
of similar analyses are found to be surprisingly 
accurate?) 





Figure 10-10, Edge Diffraction 
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The Fresnel st raight -edge pattern due to a line 
source located at Point A at a distance Sp behind 
an opaque edge is obtained in the following man- 
ner. Determine the field distribution in the 
plane containing the edge and lying along the y- 
axis of Figure 10-10. The far field is computed 
by integrating the equivalent Huygen’s sources 
in thie w-niane The nhaee difference hatwaen 
the field at some point y = B and the field at the 
origin (y = 0) is expressed by 275/., where 


& = [8% con® + + y* - 8, cos 


(10-3) 


By expanding the expression under the radical 
by means of the binomial expansion, and re- 
taining only the first and second terms, we od-~ 
tain 


3c (10-4) 
2 8 cos ¢ 


the usual Fresnel diffraction approximation. 
The integration is carried over the entire y- 
plane from - to the edge at y= 8p, sin 4, 
hence 


ii eiee ee : 
508 x2 Sp cos¢ (10-6) 
F(%) = e dy 
-@ 
Substituting 
t=y See Se 
iN 85 cos ¢ 
(10-6) 
and v = % sin ¢ 2 
ASD cos 
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this becomes 


ASgeosy /Y -t 
F)= | f--—— | e 72 at 
2 


= 


The integral may now be recognized as the 
Freanel integral,and may he found in the tahles 
in the form 


v wt? 
g= ( coe7 at 
0 2 


(10-8) 





. 2 
sone | ts te 
0 2 


The complex plot of these two integrals is a 
spiral*, known as the Cornu spiral, shown in 
Figure 10-11. Except for the cos ¢ term in 
Equation (10-7), the intensity of the straight- 
edge diffraction power pattern for each value of 
v is given by the square of the chord from the 
point v = -~to v on the spiral. The relation 
between v and ¢ is given by Equation (10-6). 
Ingide the shadow of the edge, the intensity 
diminishes smoothly to zero from its value cor- 
responding to the chord from v= ~-~ to the 
origin of the coordinates 7, ¢ at v= 0. Outside 
the shadow, the intensity increases to a maxi- 
mun and then oscillates in decreasing amplitude. 
about a mean value.** This is illustrated in 
Figure 10-12, which shows the intensity dis- 
on in the Fresnel straight-edge diffraction 
pattern. 


Agan illustration, consider the ground-mapping 
antenna mounted in an aircraft with its beam 
maximum in the direction ¢q with respect to the 
horizon, This angle of depression is called the 
normalization angle, As the rays from the an- 
tenna pass the edge of the nacelle, edge diffrac- 
tion may occur, and we shall assume that the 
rectilinearly projected shadow of the edge oc- 
curs also at the angle ¢9- The distance Sp is 





*See, for example, J.C. Slater and N. H. Frank, 
Introduction to Theoretical Physics, McGraw~ 
Hill Book Co., 1933, pp. 315-323, 


**See pp. 172-180 of Reference 3, 
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Figuee 10-11. Cornu Spiral 
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Figure 10-12. Intensity Distribution in Stratght= 
Edge Diffrection Pattern 


the distance fromthe edge to the antenna which, 
as shown in Figure 10-13, is 30 inches. The 
antenna vertical aperture is 10 inches, and the 
antenna projects from the fuselage 2 inches. 
The wavelength is 1.86 cm ~ 0.715 inches. The 


beamwidth in the elevation plane is 5 1/2°; the 
angle of depression ¢) = 8°. The resulting 
composite pattera iJluminating the ground is the 
product of the csc* ¢ cos ¢ shaped-beam pat- 
tern by the straight-edge diffractio: pattern. 
The result is shown in Figure 10-14, 


Thig illustration, of course, represents an ex- 
treme condition not likely to occur in a typical 
insiallation, However, it will be seen that edge 
diffraction produces a deflection of the beam 
and introduces a series of maxima and minima 
into the shaped-beam pattern which might cause 
poor illumination of the ground. 


Synthesis of Surface-Reflection Interference 
Patterng. A thorough synthesis of the antenna 
secondary radiation patterna in the presence of 
the aircraft fuselage and wings would be im- 
mengely difficult due to the complexity of the 
aircraft shape and task of mathematically de- 
scribing the interference pheonomena. However, 
one can employ approximate synthesis methods 
to get a physical picture of the pattern deterio- 
ration that may be expected due to the proximity 
of the reflecting surfaces of fuselage and wings. 








Figure 10-13, ‘Diffraction of Shaped=Heem Antenna in Nacelle 


The obviously complex shape of the airplane 
makes it unauitable in the evaluation of far- 
field integrals wherein one must mathematically 
describe the shape of the plane’s reflecting 
surfaces, A simplified planar model can be 
constructed from the specific aircraft confi- 
guration and dimensions, Consider, for example, 
a large four-engine aircraft whose wing is per- 
pendicular to the fuselage and the wing root is 
slightly above the midpoint of the fuselage. A 
simplified diagram of the airplane can be con- 
structed as shown in Figure 10-15, Similarly, 
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Figure 10=14. Effect of Diffraction on Sheped Beam 


simplified diagrams can be constructed for 
other aircraft to meet the requirements for an 
approximate synthesis of the radiation paitern, 


The method of analysis to be used neglecta 
the divergence of scattered energy due to sur- 
face curvature. We might, for ex.mple, calcu- 
late the currents set up on the reflecting sur- 
faces, assuming them to be proportional to the 
incident field at each point of the aircraft sur- 
face, A divergence factor to account for curva- 
ture of the surfaces could be introduced, and the 
resulting scattered field obtained ag an integral 
over the reflecting surfaces. A number of dif- 
ficulties present themselves, however, for, as 
in the case of edge diffraction, the reflecting 
surfaces are in general in the near field of the 
antenna. Therefore, the method to be presented 
is intended to develop a physical picture of the 
interference phenomena, but it is not presented 
as an accurate analysis, 


With the example sketched in Figure 10-15, let 
us assume that an antenna for 360° search ig 
mounted on the underside of the airplane at the 
position of intersection of wings and fuselage, 
The antenna is approximately 17 by 4 feet in 
major dimensions, operating at about 3000 
megacycles, The elevation pattern of the an- 
tenna may be affected by reflections from the 
wing and fuselage. The antenna pattern ig a 
pencil beam, approximately 6° at half power in 
the vertical plane and 1-1/2° at half power in 
the horizontal plane, The pattern shape can be 
described togood approximationby the familiar 
exponential form 





2 
Pieper (10-9) 


if we define: and sas the azimuth and elevation 
angles respectively, and if we make the usual 
assumption that the power pattern te separable, 
then the free anece for ficld pattern amy ve 
approximated by 


2 42 242 
P(6, 0) =G(0)e Pl e-P2*” (10-10) 


where G(0) is the absolute gain of the antenna 
and P(¢,¢) is the beam shape. 


If we now evalute py and pg by matching the 
approximate pattern to the half-power beam- 
widtha, Equation (10-10) may be expressed as 


2 
P(9, 6) ¥ G0) @ 1000 e2 973004" (49-11) 


for the antenna in our present example. 


Ag the antenna changeg ita attitude in azimuth 
and elevition, and as the airplane changes its 
attitude in roll or pitch, portiong of the main 
beam may be intercepted by the fuselage or the 
wing or by both. The intercepted energy gener- 
ates currents on the conducting surface which 
in turn reradiate a reflected pattern, which will 
combine with regard to phase with the free-space 
pattern, to form the composite interference 
pattern. 


The reflected raciiation pattern may be con- 
sidered to emanate from an image antenna and, 
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Figure 10015. Simplified Diagram of Airplane 
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Figure 10-16. Geometry for Calculation of Interference 
Patterns with Antenna Pointing Broadside 


although the Principle of Images may be rigor- 
ously applied only to plane reflectors of infinite 
extent, one can, to a first order approximation, 
apply the principle to the case in which the re- 
flector is finite butlarge compared tothe wave- 
length by adjusting the strength of the reradiated 
power in proportion to the fraction of the total 
anergy intercepted by the imaging surfaces. * 


If 69 and %q are defined as the angles inter- 
cepted at the edges of the reflecting surfaces in 
the horizont1l and vertical planes respectively, 
ag indicated in Figure 10-16, then Py, the rela- 
tive strength of ‘he image antenna, is given by 


*G. M. Hahn, unpublished. 





or 


(10-13) 


It is convenient to employ the error integral 
E,(x) defined? as 


(2): Ey (x) = , et" at 


0 


(10-14) 
then 

P, > [1-4 (p1 %)] [1-B2(pa%q)] (10-18) 
which is a simplified form for computation. 


The interference pattern is now calculated by 
the phage addition of two sources spaced a dis- 
tance D apart, as shown in Figure 10-17. If we 
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Figure 10-17. Antenna lnaged in Reflecting Surtece 


let Py be the free-space pattern and P; the re- 
lative strength of the image, the composite pat- 
tern P’ (¢) in the elevation plane is given by 


rD 
P(r) Py evi, Sine 
(10-16) 


1/2 oft yD sin £ - 


+ Py Ny 


where the plusor minusterm is chosen according 
to the polarivation of the licidsnt radiaiiua. i 
the polarization is parallel to the plane of the 
reflecting surface, the minus term ts taken. 


From the geometry of the problem it is ob- 
vious that the maximum effict of reflection 
interference will be experienced when the beam 
is directed forward or aft along the fuselage, or 
directly sideways along the wing. A plot of the 
beam shift due to the reflection interference 
shows that, for the conditions ofour example, 
one may expect downward beam shifts as the 
antenna rotates, For a 4 1/2° pitci, nose-up, 
the forward beam shift is negligible, but when 
the beam is directed aft, the depression of the 
beam a8 a function of azimuth angle is shown in 
Figure 10-18. The aircraft's normal flight 
attitude is 4 1/2° nose-up. Obviously this de- 
Pression angle will alsobea function of the roll 
of the aircraft. This effect is illustrated by 
Figure 10-19, in which the beam depression is 
Plotted as a function of roll angle. Note that in 
all cases the antenna is stabilized with its main 
beam horizontal, Wing-up roll has a diminishing 
effect; wing-down roll gradually increases the 
beam depression from approximately 1/2° to 
6° at 6° roll. It is immediately apparent that 
roll can cause severe interference as the angle 
increases, 


The beam depression caused by reflection is 
also accompanied by the appearance of inter- 
ference maxima and minima in the antenna pat- 
tern. Obviously the beam is least affected in 
wing-up roll or nose-up pitch, when the beam 
is looking forward or sideways. With the beam 
looking aft, and the plane ina 4° nose-up attitude, 
the beam shape becomesa series of sharp lobes. 
This pattern its compared to the unperturbed 
elevation pattern in Figure 10-20. The lobesare 
approximately 1° between half-power points, 
3 1/2° separation. Similarly, the pattern is 
distorted by reflection from the wing {n roll. 
For a 3° wing-up roll the pattern is essentially 
the free-space pattern. As the wing rolls down, 
the pattern deteriorates until it consists of a 
series of sharp lobes, approximately 1° vetween 
half-power points and 3 1/2° separation. This 
is illustrated by the computed patterns in Figure 
10-21 for 3° wing-up roll, 0° roll, 3° wing-down 
roll, and 6° wing-down roll. The pattern dis- 
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Figure 10-18. Depeersion of the Beam Vursus Azimuth Angle 
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Figure 10-19, Depresaisn of the Boom Versus Ref! Angle 
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tartions predicted by these computations Indicate 
the type of distortions to be expected, but are 
probably worse than one will encounter in prac- 
tice because the divergence caused by curvature 
of the aircraft surfaces Would reduce the effeci 
of the image. 


Similar wing- or fuselage-reflection interfer- 
ence may appear in the elevation pattern of a 
ground-mapping radar. The method of compu- 
tation of the expected effects 1s similiar to that 
given above, with the exception, of course, that 
Py, the free-space pattern, is shaped in elevation 
for uniform illumination of the ground. Thus, a 
typical expression for P¢ would be 


2 42 
Pro =Gye-P as for 91 < ¢s¢" 


(10-17) 


= Go K csc# ¢ cos ¢ for #” SbSdq 


The image pattern P; is computed as before, 
and the interference pattern is the vector sum 
of the two: 





=10 -8 ~6 -4 2 


: 172 sin o 
P* (¢) = Py je 


(10-18) 


nD 
i—— sin | 2 
p17, * A 


The effect upon the shaped-beam pattern is 
similar to that observed for the pencil beam. 
Maxima and minima in the pattern are produced 
by the interfering reflected radiation, and since 
good ground mapping requires very nearly 
uniform illumination of the ground along the 
beam track, these maxima and minima produce 
light and dark fringes onthe radar presentation.* 


The most pronounced effects will occur under 
conditions of roll, at which time the fringes will 
appear in the direction of wing-down roll, and 
up or down pitch, at which time the fringes will 
appear either forward or aft and along the axis 
of the aircraft. 


The measurements of the radiation pattern of 
anactual installation are shown in Vol. 26 of the 
Radiation Laboratory Series, ‘‘Radar Scanners 
and Radomes,’’** 








*See pp. 251-3 of Reference 1. 
**See pp. 452-54 of Reference 1. 
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Figure 10-20, Distortion of Pettom by Reflection trom Fuselage 
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Figure 10-21, Distortion of Pattern by Reflection from Wing 


The antenna was installed in the belly of the 
aircraft. The antenna, which was a shaped 
cylindrical reflector with line source, projected 
4 in. from the skin line of the aircraft, thus 
permitting a generally forward view along the 
fuselage. The patterns show the ideal elevation 
pattern, free from interfering reflected radia- 
tion, and the. pattern resulting from reflection 
from the fuselage. The antenna was looking 
directly along the fuselage in the forward direc- 
tion. It is obvious that the resulting interference 
pattern would affect the ground mapping presen- 
tation. _ 


10-8. Nacelle Clearance 


To prevent or at least minimize the effects a 
edge diffraction and interference due to surface 
reflection, the antenna position in the nacelle 
r:ust permit unimpaired vision in all directions 
of concern to the system operation. Certain 
‘rules of thumb"’ have become accepted for 
determining the minimum angles for clearance 


between obstructions and rays drawn from the 
antenna. Thus, all rays should clear any ob- 
struction by 11/2 inches, andfurther, an angular 
clearance of 5° above the centerline of the 
principal beam should be provided to allow for 
beam divergence. 


Microwave absorber may be used to reduce 
some of the adverse effects of reflections from 
the nacelle walls. 


10-9, Allowable Pattern Distortion 


The allowable distortion of the radiation pat- 
tern of the antenna by edge diffraction or inter- 
ference can be determined only froma knowledge 
of the application of the radar system. However, 
it can be assumed that minima in the pattern 
caused by diffraction or interference in excess 
of 1 1/2 db are cause for alarrn, as is deflection 
of the beam in excess of 1/4 beamwidth. These 
distortion criteriaare not definitive, since con- 
ditions will vary with the requirements. 


SECTION D. PATTERN DISTORTION BY AIRCRAFT ENVIRONMENT; 
EFFECTS OF SHOCK FRONT AND TURBULENCE 


10-10, Introduction 


By a simple extension of conception, the term 
**radome’’ may be thought of as including the 
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air itself in the vicinity of the aircraft, at least 
as it may be responsible for departure from 
performance of the antenna in free-space con- 
ditions. In subsonic aircraft, these deviations 





are insignificant, but at supersonic speeds both 
the shock front and the turbulence in the region 
between the shock front and the aircraft can in- 
fluence antenna performance. 


The air surrounding a supersonic aircraft may 


be divided into four principal regions. Thus, 
in Figure 10-22, we have: 
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Figura 10-22. Section of Airfoil in Supersonic Flight 


‘The Shock Front. An object moving at a speed 
greater than the velocity of sound produces a 
head wave in the atinosphere which travels with 
the object. If uy is the velocity of the object, 
and a* the velocity of sound corresponding to 
the conditions of temperature and pressure, the 
Mach number 


u 
M=—- 


= (10-19) 


When Mis greater than one, i.e,, the speed is 
supersonic, the pressure of the air undergoes a 
rapid change along the line which defines the 
shock front or head wave. If the object enters 
a medium whose pressure is p,, the pressure 
increases at the shock front, and the velocity of 
the air enclosed by the shock front decreases 
with respect to the object. Similarly the density 
increases for this wave. Since the speed has 
decreased, it is also inferred that the tempera- 
ture has increased. 


The Boundary Layer: Surrounding the skin of 
a supersonic airc ig a thin layer of air 
characterized by large velocity and temperature 
gradients. The velocity of the air relative to 
the moving aircraft is retarded by friction. The 
boundary layer is laminar near the leading edges 
of the aircraft surfaces, but becomes turbulent 
at the transition point, which occurs some 
distance behind the leading edge. 
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The Air Prism. This may be thought of as 
the region between the boundary layer and the 
shock front. Although the mean square fluctua- 
tion of the dielectric constant has not been meas-~ 
ured, it (6 GEelieved te be sumewiui higher than 


the level in the undisturbed atmosphere. 


2 
Ae & 
(j= x10 2] (10-20) 
The Wake. For a region extending behind the 


aircraft the turbulence persists, and the flow in 
the wake immediately behind the aircraft is at 
first subsonic and then accelerates again to 
supersonic speed at some distance behind the 
aircraft. In addition to the naturally occurring 
wake, there is, of course, the jet exhaust, which 
is characterized by high temperature and ex~ 
tensive ionization of the exhaust gases. 


10-11, Transmission Through the Shock Front 


The following analysis, based on weak shock 
wave theory, will denote the effects on micro- 
wave transmission through the shock front. 
Certain facts must be noted, however, to de- 
termine the dielectric character of the shock 
front. 


It is found that, given the aircraft velocity uz 
and the velocity of sound a*, the velocity of the 
air in the air prism adjacent to the shock front 
is 


uy = 2 ug (10-21) 


and that the ratio of densities in the free air 
and in the air prism is 


p 2 
2. 2 = —2:4M (10-22) 
Py 2+ 0.4 mM? 


Thus, a flow at supersonic speed after passing 
through the shock wave must be reduced to a 
subsonic flow. The final pressure, po, is greater 
than pz, the pressure in the supersonic flow 
(or in this case, the free air), and consequently 
the shock wave is a compresrion wave. The 
density must also increase as the fiow passes 
through the shock wave. 


Now the dielectric constant «, of a gaseous 
medium, as given by the Clausius-Mosgotti law, 
is a function of the density, and in fact, may be 
written in the form 


p (10-23) 


vhese A is a constant determined hy the atomic 
or molecular polarizability and the temperature. 
Consequently, to a first approximation, the di- 
electric constant ‘yo of the air in the air prism 
is related to the didlectric constant “ry of the 
free air by the expression. 


=1 





This may be reduced to 


€ 2 1) - “eo 
oe I? . cea 


“to 2 
K + 2- ep (eB - 1) 


Therefore a ray passing through the interface 
between the denser air of the air prism and the 
less dense free air ahead of the shock front 
will experience refraction through an angle r 
with respect to the normal to the shock front 
given by Snell's law, 


( [é2 
r= eine! on sin ) (10-26) 


where i is the angle of incidence with respect to 
the normal to the shock front. When Nir % 
sin i becomes equal to or greater than unity, 
total reflection will occur, and no transmission 
through the shock front can exist. 


The dielectric constant of air at standird at- 
mospheric conditions of pressure and temper- 
ature is very closely 


«p= 1.000590 (10-27) 


Thus, the critical angle at which total reflec- 
tion will occur at various Mach numbers aod 
standard atmospheric conditions is shown in 
Table 10-1. 


€ é, -1 ‘ ; 
to oe the (10-24) 
“rg +2 ‘ry +2 ry 
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1.4 =1,00101 1,00042 88.8 
1.7 1.00133 1,00074 88.4 
3.2 1.00238 = 1.00177 87.6 
1,00295 1.00236 








The deflection suffered by a ray incident at 
angle i on the shock front is tabulated in Table 
10-11 for Mach 3,2. It is evident that refraction 
by the shock wave is small, but that a boresight 
shift of the radar beam might occur. This 
boresight shift would not be serious except at 
high incidence angies. 


The angle which the shock wave makes with 
the axis of the aircraft is given approximately 
by 


sin £ 


l= ox [5 


(10-28) 


Thus at Mach 3, the angle 4 (indicated on 
Figure 10-22) is 20°. When the radar antenna 
is pointing along the axis of the aircraft, the 
angle of incidence will be 70°. It would appear 
possible, therefore, for the refraction at the 
8hock front to introduce a boresight error af a 
few milliradians at large Mach numbers. Thus 
far, however, this subject has received little 
attention.* 


The data given here is only an approximation, 
based upon the assumption that the air prism is 
of uniform density and the shock front is a 
sharp interface between two homogeneous 
dielectrics. 


*C. L. Kober has made a preliminary investi- 
gation of refraction and reflection by the shock 
wave, but his paper has not been published 
(1956) and the results were not available to the 
author of this chapter. 
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Table 10-17 


Refraction at the Shock Weve far 
Mach 3,2 





Angle of Incidence Deflection of Ray 
(degrees) (minutes) 
Mach 3.2 








20 
30 
40 
50 
60 
70 


rey tre 





The shock front obviously cannot be a mathe- 
matical discontinuity. There must be a transi- 
tion layer of some sort, representing a shock 
wave of finite thickness. It has been shown’ that 
the thickness of the shock wave is of the orm 


1 
T = ——— cm (1029) 
Wy . Ug 


where Uy and Ug are expressed in cm/sec. 
Thus at Mach 2, the thickness would be approxi- 
mately 0.26 x 10°4 centimeter. However, as 
noted above, the density of the air prism is 
certainly not uniform, which wil) further modity 
the behavior of the refraction by the aiz prism. 


10-12, Turbulence in the Boundary Layer 


It has been estimated® that in the typical super- 
sonic turbulent boundary layer, associated with 
flow over a flat plate, 


mit 
es 2.5 x 10°11 4 (10-30) 


in which (4 € )? is the mean-square fluctuation 
of the dielectric constant and M is the Mach 
number as defined earlier. At high altitudes it 
may be assumed, in the absence of direct evi-~ 
dence, that Je is proportiunal to the density, 
which for a standard atmosphere gives 


GY. ye an 





458 


where a2¥8x 10-5 per foot and his the altitude 
in feet. Consequently, the mean-square fluc- 
tuation Of thé Giciecicic cunsiani is fuund to pe 
very small], even for very large Mach numbers. 


The effects of the fluctuations in dielectric 
constant will be to scatter radiation incident 
upon and passing through the turbulent boundary 
layer. In pulse radarsthe scattered noise power 
from the outgoing pulse is at too short range 
from the antenna to interfere with a received 
signal, and the scattered power from the re- 
flected pulae ia insignificant compared to the 
reflected pulse itself. On the other hand, the 
effects of turbulence cannot be dismissed al- 
together, for it appears that the boundary layer 
can haye serious effects on the performance of 
optical instruments and on fhe signal-to-noise 
ratio of some c-w radars.” 


10-13. Turbulence in the Air Prism?) 12 


Because of the lack of reliable information on 
the nature of the turbulence in the air prism, 
the possible effect of scattering from turbulent 
air in this region will not be discussed further 
here. In contrast with the thin boundary layer 
having intense turbulence, it is probably an ex- 
tended region containing relatively weak turbu- 
lence. 


10-14, ‘The Wake 


The flow of air in the wake of a body traveling 
at supersonic velocity is highly turbulent. As 
in the case of the turbulent boundary layer, 
velocity of the flow, at any given coordinate 
point in the medium behind the supersonic vehi- 
cle, is varying with time in an unpredictable 
manner. Likewise there >re fluctuations of 
temperature and density, and consequently 
there will also be fluctuations in dielectric 
constant. The mean-square fluctuation of di- 
electric constant (4 )2 canbe expected to be of 
the same order of magnitude as that in the 
turbulent LVoundary layer. The turbulent medium 
of the wake, however, is much more extensive 
than the thickness of the boundary layer, and it 
is reasonuble tosuppose that the wake may have 
an influence on the performance of antennas 
which transmit and receive through it, such as 
tail-defense radar. 


To earn some appreciation of the effect of 
transmission through the turbulent wake, let us 
examine the reduction in antenna gain produced 
by the deviation of the phase of the incident wave 
from that of a plane wave. It may be shown!3 
that for a small deviation the relative decrease 
in gain caused by the rms (root-mean-square) 
path error & is 


a a el 





ewe 
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(10-32) 


We assume that the wake is composed of a 
random distribution of spherical eddies whose 
diameter is L, Then the rms path error will be 
approximately 


L (te) (10-33) 


where Ae is the rms difference in dielectric 
constant in the turbulent medium. This has 
been found earlier to be in the order of 1075, 
hence the relative reduction in gain will be 


ese 
4G 2,5 x 10° dy (10-84) 


It is immediately obvious that unless L islarge 
compared to the wavelength, little change will 
be experienced by the antenna, Similarly, it is 
apparent thata considerable effect on the image 
quality of an optical system will be felt asa 
result of transmission of light through the 
turbulent region, 


There exist inthe wake of the aircraft traveling 
at supersonic velacity, in addition to the tur- 
bulent air, the hot exhaust gases of the jet or 
rocket propulsion motor, When electromagnetic 
signals pass through an ionized medium such 
as hot exhaust gasesfrom a jet engine or rocket, 
refraction, reflection, absorption, and random 
amplitude modulation of the transmitted signal 
may occur, Beam deviation of as much ag 15° 


and attenuation up to 50 db per meter ag well 
as considerable incidantal modulation kivs seen 


shah et APES E EA 


omasured with jet flamea at X-Band.14,15 


The absorption loss and reflection coefficient 
due to a gaseous medium with a free charge is 
determined by the conductivity of the charged 
gaseous medium, which in turn tsa function of 
the number of free electrons per unit volume 
and the mean free time between electron col- 
lisions. In the neighborhoud of the motor throat, 
the e! gctron density is known to be in the range 
of 10** electrons per cubic centimeter, The 
reaulting trangmission loss at tnicrowave fre- 
quencies in the exhaust flame is in excess of 10 
decibels per meter. However, the absorption 
path length varies over a very wide range, de- 
Pending upon the flame dimensions, dispersion 
of the ionized gases, and direction of propaga- 
tion. The electron densities in the wake will 
obviously differ from that in the flame by sey- 
eral orders of magnitude, and consequently the 
net absorption due to transmission through the 
wake can be expected to be appreciably less 
than that due to the flame in the immediate 
neighborhood of the motor throat, Very little 
data is yet available, however, on the effect of 
transmission loss and reflection due to the 
ionized exhaust gases in the wake, 


Up to now, neither agreement nor disagreement 
has been firmly established between theory and 
experiment with jet flames. Theory is difficult 
to apply to the problem because of the unpre- 
dictable nature of the flame boundary conditions, 
the difficulty of obtaining accurate temperature 
measurements, and the difficulty of controlling 
fuel impurities and conditions of combustion, 
Further experiments and analysis must be made 
in order to explain quantitatively the attenua- 
tion, beam deviation, and incidental modulation 
produced by jet exhaust gases, 


GLOSSARY 


Azimuth Axis. A line, usually vertical, about 
which rotation in azimuth takes place. The 
line will be truly vertical only ina platform 
Stabilized system, 


Pitch Axis, A line perpendicular to the azimuth 
and to the longitudinal axis of the aircraft 
about which rotation in elevation takes place. 


Roll Axis. A line perpendicular to the azimuth 


and pitch axes about which rotation takes place, 
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Roll, Rotation of an aircraft about its own- 
longitudinal axis, 


Cross-traverse Angle. The angle, measured 
about horizontal line-of-sight, between the 
vertical plane through the line of sight and 
the plane coniaining the line of sight and the 
azimuth axis, (See Figure 10-6,) 
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Chapter 1] 





RADOME WALL 


MEASUREMENTS AND EVALUATIONS 


SECTION A. INTRODUCTION 


11-1, Need for Measurements 


In developing and producing radomes to meet 
exacting electrical performance requirements, 
it ig generally desirable and often mandatory 
to evaluate the electrical properties of the 
radome wall, Range tests to determine the 
transmission and beam-~bending characteristics 
of the radome may be, by themselves, inadequate, 
These remarks are particularly pertinent to 
the development of radomes with half-wave 
walls or quarter-wave-face sandwich walls be~- 
cause of the high importance of cbtaining the 
design values of the dielectric constants and the 
wall thicknesses in these constructions, 


The first experimental step in any careful 
radome development should be to make a suffi- 
ciently near perfect radome for precise en- 
gineering analysis, Unless the model is an 
exact representation of the engineering design, 
the measured performance data may be of little 
value, Bitter experience attests to the fact that 
a single excellent test specimen may permit a 
complete performance analysis, whereas tests 
on a hundred imperfect units may leave essen- 
tial questions unanswered, 


Theoretically, once a satisfactory design has 
been established, as confirmed by measuring the 
effects on a radar beam of aradome known to be 
constructed as designed, no further enginéering 
evaluation testa are needed, It is only necessary 
that means be provided for inspecting ¢ pro- 
duction radomes to assure their bein, suffi- 
ciently close to the original model, In practice, 
engineering evaluations must be made at the 
start on enough radomes, perhaps twenty, to 


establish the maximum manufacturing tolerances 
that can be allowed while assur ing that the de- 
sired performance characteristics will be ob- 
tained. 


In general, range tests as a means for inspec- 
tion of production radomes constttute an unduly 
costly and time-consuming approach to the 
quality-control problem. An inherent short- 
coming of range tests is that the overall perfor- 
mance of the radome is determined but the 
specific deficiencies of the radome fabrication 
are not disclosed, What is needed are facilities 
that will permit analysis of the radome wall at 
every point, Equipment enabling such analysis 
is not only useful but is often essential in (1) 
research and development studies, (2) ensuring 
that a test specimen isconstructed as designed, 
(3) quality control, (4) economiral production 
inspection, and (5) field inspection, 


Another particularly important need for 
radome wall analysis facilities arises from the 
fact that the electrical performance require- 
ments of some radomes for precision direction- 
indicating radars are so exacting that the 
radome must be made to the design values within 
extremely small tolerances, With these radomes 
the ailowable electrical and physical wall thick- 
ness tolerances appear to be less than can be 
obtained with certainty by any present pro- 
duction fabrication technique. With analysis 
techniques available, itis possible and practical 
to avoid going to extremes in attempts to obtain 
almost impessible tolerances in the original 
fabrication. Instead, radomes can be made to 
reasonable but. insufficiently small tolerances, 
analyzed, and then corrected to be within the 








desired tolerances, The amount of correction 
required can be mace very small; it is just the 
wall thickness difference between reasonably 
obtained tolerances and the extremely small 
desired tolerances. The practical feasibility 
and practicality of thie eort of 2 orosedurs has 
been firmly established. Vit is important to 
realize that a corrected radome needs no later 
inspection — the radome has been made to 
specification, Further, the correction proce- 
dure allows the number of rejects of physically 
sound radomes to be reduced to essentially 
zero, 


The wallevaluation measurements on radomes 
with exacting performance requirements and 
high incidence angles should be made with higher 
accuracy than is generally realized, What is 
often not appreciated is that if the insertion 
phase difference (I.P.D.) of a wall differs from 
the design value by only 1,0° at a low angle, the 
ILP.D, may differ from the design value by a 
much larger amount atahigh angle such as 80° 


This important quantity, insertion phase dif- 
ference, was defined by Equation (2- 47), Chapter 
2, and WAS designated by T’or A = -T’, depeni- 
ing on whether one speaks of insertion phase 
advance or delay, respectively, It ts the dif- 
ference in the phase of the field at a point along 
the axis of propagation in the region beyond the 
radome, with and without the radome inserted, 


11-2, Quantities to be Measured 


The measurable quantities that are significant 
in the evaluation of radome walls depend on the 
type of wall construction. It {s convenient for a 
discussion of these quantities to consider the 
various constructions in three groups, 


Measurements on Sandwich Walls with Li 
weight Cores, With lightweight-core aa 
wall constructions the only practical physical 
thickness measurement on a finished radome is 
that of the overall thickness, The skins can be 
fabricated to have thicknesses very close to 
known repeatable values by using a specified 
number of layers ofa particular glass cloth laid 
up in a definite manner with respect to its 
weave, The overall physical thickness varia - 
tions are then, in the main, due to core thick- 

ness variations, 


As long as the skins are reasonably thin, 
sma!l variations in their values of dielectric 


‘sonstant and dissipation factor are reduced to 
‘secondary importance; it ia sufficient to eval: 


uate these quantities by tests on small speci- 
mens of dielectric made as similar as possible 
to the skin material, 
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Although the magnitude of the I,P.D.ofa light- 
weight sandwich wall is sensitive to any varia- 
tions in thickness or dielectric constant, meas- 
urements of the I,P.D, alone appear to be in 
general of little value for analysis in applica- 
UiGas whese iransmission is the most inportant 
requirement; a wall can differ from the correct 
design in more than one quantity and yet have 
the correct value of I.P.D. But the measure- 
ment of the wall I.P.D, does become important 
if a wall is used in a direction-indicating radar 
radome where the phase shifts, as such, are of 
high importance, 


Simple local power-reNection-coefficient may- 
nitude measurements of all areas are pref- 
erable for quality control and electrical inspec - 
tion of ightweight-core sandwich wall radomes 
ingeneral, The reflection measurements are 
sufficient to prove a properly made radome tu 
be satisfactory or to reveal any existing areas 
of improper construction, 


Measurements on Combinations of Solid 
Sheets, An im important “example of a wall com- 
posed of a combination of solid (nominally 
homogeneous) sheets is found in the inverted- 
sandwich construction, It is necessary to 


evaluate the 1,P.D, and the dielectric constant 


"uf the quarter-wave face layers of this wall in 


the same manner and to the same order of pre- 
cision as is required with a single-layer half- 
wave wali. The core dielectric constant must 
be evaluated with comparable exactness, When 
the phase shifts through the total wall are im- 
portant, the electric thickness of the core must 
also be accurately maintained, The basic meas- 
urement problems are the same, bul the actual 
problem of producing a wallto the design speci- 
fication is very much more difficult in the case 
of the inverted sandwich than in that of the half- 
wave wall; this is because each layer of the 
sandwich must be individually andfully evaluated 
as the radome is built, 


The considerations are similar for other pre- 
cision walls of multiple solid-layer construction, 
Also pertinent in the evaluation of such con- 
structions are essentially all of the matters uis- 
cussed for single-layer walls in the following 
paragraph, 


Measurements on Single-Layer Walls, Be- 
cause of the particular importance of the half- 
wave wall, it will be assumed as the basis for 
the following discussion of single-layer walls, 





In a homogeneous single-layer radome wall, 
the quantities of importance are the electric 
and physical thicknesses of the wall and the 
relative dielectric constant cr and the dissipa- 
tion factor tan 5 of the dielectric, Ali but the 


last can be determined with good accuracy by 
non-destructive testing. 


Primarily to offer so.ne meaning to people 
unacquainted with electromagnetic theory, the 
electrical thickness of a radome wall, as op- 
posed to the physical thickness, is commonly 
spoken of, but it is always the insertion phase 
difference that is measured, In a precision 
direction-pointing radome the perfection re- 
quired in the radome wall could be met with 
small physical wall tolerances only if the wall 
material were highly homogeneous — which, 
generally, it certainly is not. The need for 
homogeneity in the material arises because the 
cardinal quantity in this type of radome is not 
how thick the wallis physically, but how thick 
it is electrically. The electrical thickness is 
a complex function of the physical thickness and 
of the dielectric constant, Errors in either of 
these quantities can be equally damaging; 
furcher, if there are errors in both, the detri- 
mental effects of the two can be additive, 


It must be realized that an evaluation of the 
I.P.D, alone is not sufficient to assure that the 
wall is proper; the physical wall thickness must 
also be measured. Two walls can have rodeo 
values of I,P.D. yet have different values ‘df: 
physical wall thickness and dielectric constant; 
clearly, if one is the proper design for a spe- 
cific performance, the other ig not. in practice, 


it is expedient to evaluate a wall by first meas~ 
uring the rhusion! thicknése iu insure that it 18 
within a few percent of the design value. Then, 
as a final criterion, the I.P.D, is measured, 
When the I.P.D. is within design tolerances, 
which can be made tess that 1 percent if a 
correction technique is employed, the radome 
wall is assuredly very close to the design re-~- 
quirements, The error in dielectric constant 
will be no greater than is accounted for in the 
two thickness tolerances, 


The dielectric constant of a wall may be de- 
termined from measurements of the physical 
‘thickness and of the I.P.D. of the radome wall, 
as is discussed later in this chapter, If these 
latter quantities are found to be correct, the 
dielectric constant is correct, 


The dissipation factor of a completed radome, 
even when it has a value greater. than 0.01, can 
be evaluated by a non-destructive method with 
only fair accuracy. Fortunately, the obtainable 
accuracy is usually compatible with the need; 
its value is not a critical quantity and may not 
even be an important quantity as long as it re- 
mains small, Normally tan 6 is evaluated only 
by auxiliary measurements 6n small specimens 
for standard dielectric tests. In the remote 
event that evaluations of tan § are needed on 
finished radomes, they can be obtained hy the 
free-space method described later for measur- 
ing the value of tan 5 of test panels, 


SECTION B, FACILITIES FOR MEASUREMENT 


11-3, Insertion Phase Difference Measure ments 


Choice of Method. The I.P.D.of radome walls 
has been evaluated by three basically different 
methods. A direct evaluation of the I.P.D, can 
be obtained with the traditional microwave in- 
terferometer, An indirect evaluation of the 
I.P.D, can.ve made by (1) measuring the com- 
plex reflection of a wall and calculating the 
I.P.D. from the results or (2) determining the 
frequency at which the wallis a half-wavelength 
thick as revealed bya minimum in the reflection 
magnitude. In either case the measurement its 
accomplished with a single-horn method. 


The interferometer method has the basic ad- 
vantages of direct measurement, higher accu- 
racy capabilities, and absolute calibration; the 
interferometer is essentially an absolute mea- 
surement instrument in that itis self-calibrating 
once the frequency is established, The complex- 
reflection measurement and the minimum-re- 
flection measurement methods possess the fea- 
ture of jising a singte-horn test head unit small 
enough to be manually moved over the exterior 
surface of a radome for cursory evaluations, 


With some radome shapes it may be mechan- 
ically inconvenient to hold one horn of an inter- 
ferometer inside the radome, and for this 
reason a gage with a single exterior horn may 
appear to be the preferable means, However, 
in general it will also be necessary to measure 
the physical thickness of the wall, If, as with 
all methods in use that are suitable for quantity 
work, the physical thickness gage is one requir- 
ing support of a gage element inside the radome, 
the interferometer horn may be supported by 
the same mount and offers little added compli- 
cation, Further, if the I.P.D,, and probably the 
physical thickness as well, are to be recorded 
in such a manner that the position of any mea- 
sure ment‘on the radome canbe found again later 
so that a thickness correction can be made, the 
complication of supporting a second horn is 4 
very minor part of the total facilities needed. 


It appears that the single-horn methods will 
find their principal use in two sorts of appli- 
cations, First, they are convenient for cursory 
inspection in the factory or in the field, es- 
pecially where only alimitednumber of radomes 
of a kind are to be checked and moderate accu- 


wy 








racy is sufficient, Secondly, they can be very 
useful in quality control work where the task is 
primarily not to determine the 1,P.D, with high 
precision but rather to assure that the I.P.D, 
of the waiis of the items produced avs Cis sams 
as that of a master model. 


Interferumeter_Methods — Basic_Manually 
Balanced Instrument, interferometers e 
basic type with manual balancing have been 


utilized in both experimental and production 
checking of radome walls, 


In its simplest form the microwave interfer - 
ometer is as shown in Figure 11-1. Since this 
instrument, its use, and its accuracy have been 
carefully discussed by Redheffer and others, 3 
only a few general comments on it are given 
here, However, many remarks in the following 
section on the automatic-nulling interferometer 
are also clearly applicable to the simpler basic 
instrument and ita use. 


The test sheet of dietectric, or radome wall, 
is placed in the path of the beam traveling in 
free space between two horns tn the test branch 
of the circuit, The instrument is balanced by 
matching at the second tee, in amplitude and 
phase, the signal that passes through the test 
branch with the signal traveling through the 
reference branch, The signal amplitudes are 
matched by adjusting the attenuator in the ref- 
erence branch, The signals are matched in 
phase by moving the receiving horn in its axial 
direction to alter the horn separation and hence 
the electric circuit length, The circuit is bal- 
anced both with and without the dielectric pres- 
ent; the difference in position of the receiving 
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Figure 11-1, Basic Microwave Interferometer Arrangement 


horn for the two conditions, expressed in terms 
of free-space phase, is the I.P.D.; i.e., it is 
identically the phase difference introcuced by 
the presence of the sheet, The situation is as 
simpte as stated only if there ia no interaction 
between the faces of the wall and between the 
wall and the transmitting horn, The error in- 
troduced by interaction between the panel and 
the transmitting antenna can be partly elimin- 
ated by moving the panel one-quarter wave- 
length along the axis of propaggtion and aver~- 
aging the readings so obtained.” A sheet with 
an 1.P.D, of less than 360° has been assumed; 
if the I,P,D, is greater than this, the fact must 
be ascertained by prior or subsequent knowl- 
edge, 


Interferometer Methods — Automatically Bal- 
anced Instrument, Precision interferometers 


for rapid continuous measurement of the in- 
sertion phase of every area ci a radome wall 
have been developed to facilitate the production 
of radomes with solid half-wave and similar 
walls, In addition to the interrerometer 
proper, the principal electrical apparatus asso- 
ciated with it and necessary for the accomplish- 
ment of the complete task of measurement, re- 
cording, and playback to control wall thickness 
correction apparatus, are also indicated in the 
discussion that follows, The specific construc- 


-tion and performance information given all per - 
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tain to a particular X-band research model, 


To simplify the equipment required for auto- 
matic nulling, the interferometer arrangement 
used is one in which the phase balance is inde- 
pendent of the magnitudes of the test and ref- 
erence signals, The basic circuit shown in 
Figure 11-2 utilizes a phase-sensitive detector 
in an automatic phase plotter circuit similar to 
those described by Hines® and Bacon, 


A 1,000-cycle sinusoidally modulated fixed- 
frequency microwave signal is divided between 
a test anda reference arm, Thetestarm signal 
is passed through the teat dielectric placed be- 
tween the two microwave horns and is then 
brought to the H arm of a magic T, The refer- 
ence arm signal is brought through a calibrated 
phase shifter to,the E arm of the magic T, The 
colinear arms of the magic T are identically 
terminated in matched bolometers, The two 
bolometer outputs are compared in a bridge; 
the output of the bolometer bridge is zero when 
the difference in the magnitudes of the modula- 
tlon frequency voltages on the bolometers is 
zero, As can be understood {rom a study of the 
vector diagram of Figure 11-3, the interfero- 
meter is balanced andthe bolometer bridge out- 
put is zero when the test and reference micro- 
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Figure 11=2, Interferometer Arrangament in which Phase is Measured Independently of Amplitude 


wave signals imposed upon the H and E arias, 
respectively, of the magic T are 90° out of 
phase, 


Since the interferometer balance ig obtained 
by adjustment of only a phase-shifter, the bal- 
ancing is readily made automatic by feeding the 
bridge unbalance signal to a servo system, 
which positions the phase shifter, As indicated 
in Figure 11-4, the phase shifter mechanical 
motions are translated into electric signals, 

which are sent to a paper strip recorder for 
information storage, 


The size of the area measured at any time can 
by made small by using a 1- by 1-inch trans- 
mitting horn located within an inch, or less, of 
the interior radome surface, 


In making precision phase shift measurements, 
the principal problem is to minimize reflections 
of microwave energy in the entire interfero- 
meter arrangement, The goal is to have the or- 
iginal wave supplied by the microwave source at 
the first tee to be the only wave passing through 
the test dielectric or through the calibrated 
i phase shifter, respectively, 


' Phase shifts through reflective elements in 
series are not linearly additive; a change in the 
phase shift through one of the elements will not 
cause an identical chunge in the total phase shift 
through the series of alementa,” Hence, if there 
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Figure 11-3. Volrage Vector Relationships in Magic T of Inter 
ferometer which Meosures Phase Independently of Amplitude 


is appreciable reflection from the phase shifter 
and from one or more other elements in the 
branch containing the phase shifter, thecalibra- 
tion of the phase shifter will be different when- 
ever the reflection from any element in the 
branch is changed, This is assuming a reflec- 
tive element is causing an unwanted wave to pass 
through the phase shifter in the forward direc- 
tion. Obviously, the phase shifter must be cali- 
brated in place, The same sort of considera- 
tions apply in the test arm. If any appreciable 
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Figure 12.4, Elements of Semleutematic Apparatus for Measuring ond Correcting the Electricol Thickness of Radome Walls 


energy is reflected from the test dielectric and 
re-reflected to pass through the test dielectric, 
accurate phase shift measurement is impossible, 
This is because the resultant wave arriving at 
the magic T is not in the same phase position 
the original wave alone would have been,8 


The microwave circuits should be carefully 
arranged with the above facts in mind. The 
transmitting horn ib preferably oriented to make 
an incidence angle with the dielectric surface 
close to Brewster's angle, which is approxi- 
mately 60° for the dieleccrics expected to be 
’ tested; the incident energy ia parallsl polarized. 
Thus. the energy reflected from the dielectric 
is m-nitnized, A unidirectional element is 
located just preceding the transmitting horn and 
dissipates mostof the energy reflected into this 
horn {*om the dielectric, The energy reflected 
inte the transmitting horn from the receiving 
i. nia kept small by isolation effected by horn 
separation, Unidirectional elements are placed 
on either sides of the phase shifter to reduce 


errors from reflections in the reference arm 
elements, . 


It is impractical to maintain exactly the dis- 
tance from the transmitting horn to the radome 
as the radome is moved to permit examination 
of different areas, Further, it is imposstile to 
obtain zero reflection from the radome, There~ 
fore, if a radome of uniform electric thickness 
is being tested, the indicated phase measure- 
ment will vary slightly as the radume is moved, 


. This effect cannot be reduced toan undetectable 
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quantity, but to a value sufficiently small to 
permit measure ments with the desired accuracy. 

In one instrument the master phase shifter 
consisted of along thin quartz slab placed in the 
E-vector’ plane inside a rectangular waveguide 
with provision for precise transverse position- 
ing. It produced a voltage standing wave ratio 
of 1.03 to'1,10, depending on the slab locaticn. 
A maximum phase shift of 300° could be intro- 
duced, A second identical phase shifter was 


‘nserted in the interferometer to allow initial 
balancing with the master ate 


preferred scale position. 


mk an 


eNase snifier 


The microwave source must be a highly stabi- 
lized frequency source. Then the two microwave 
branches of the interferometer need be only 
roughly the same electric length; if the genera- 
tor is a klystron ina stabilized local oscillator 
circuit, the long-time frequency stability of the 
generator can be made about 0,01 megacycle 
and it will not be necessary to make the inter - 
ferometer frequency -insensitive by meeting the 
criterion for length of lines and horn separation 
for minimizing the effect of drift,? Preferably, 
however, the criterion should still be roughly 
met, 


The bolometers must be very well matched 
both in sensitivity and in transient heating and 
cooling characteristics, Because of thermal 
lag, the output of a bolometer receiving energy 
from a sine-wave modulated signal will not be a 
Sine wave, Further, if the transient heating and 
cooling characteristics of the bolometers are 
not the same, the two bolometer output signals 
may have a phase difference in their fundamental 
components that will make the necessary high- 
sensitivity null impossible, 


The output of the bolometer bridge must og 
amplified through a narrow-band. amplifier 
to insure nulling of the fundamental components 
only, A mechanical tuning fork may be used to 
obtain frequency stability inthe modulation sig- 
nal generator, The output of the narrow-band 
amplifier is fed to the amplifier of the servo 
system, which positions the phase shifter, 


Considerable difficulty may be encountered in 
avoiding modulation-frequency magnetic pickup 
and extraneous voltages in the low~signal-level 
circuitry up to the input of the narrow-band 
amplifier, 


Extensive use of microwave absorbing mate- 
rial is generally required to minimize back 
reflection from atructures and apparatus in the 
generat vicinity of the horns. 


As a transducer for translating phase shifter 
motions into electric voltages the d-c Wheat- 
stone bridge arrangement, as shown in Figure 
11-4, may be used, Identical multiturn Helipot 
potentiometers each form two arms of the 
bridge. The sliders of the potentiometers are 
connected to the detector (a Weston D-C Induc- 
tronic Amplifier), which draws no current but 
Supplies a large output signal, The motion of 
the slider of potentiometer “A’' is mechan- 
ically linked to the motion of the phase shifter. 
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This slider moves alarge fraction of the nnten- 
tiometer iength when a radome wall is inserted 
between the microwave horns, But it moves 
over only small excursions, prompted by varia- 
tions in electrical wall thickness, as the radome 
is moved and different parts of the wall are 
examined, The slider of potentiometer “B’? is 
positioned so that the bridge is balanced when 
the radome wall thickness is the design value. 
Then as slider ‘A’ is automatically moved with 
the phase shifter, the bridge output is indicative 
of the deviation, or error, in I.P.D. from the 
given design value. Over the small range used 
in indicating the errors, the output is essentially 
linear with phase shift, The errors in thickness 
for missile radome walls with a taper design, or 
with any particular wall thickness variation de- 
sign whatsoever, are readily indicated by simply 
driving the slider of. potentiometer “B’’ to the 
position corresponding to the design thickness 
required at the spot being inspected, 


The master phase shifter ts calibrated against 
changes in the free-space separation of the 
transmitting and receiving horns with no dielec~ 
tric between the horns, The receiving horn is 
mounted on an axially movable mount; its posi- 
tion is read on a precision dial gage with 0.0001 
inchdivisions, As one performance check, after 
precise nulling the receiving-io-transmitting- 
horn separation should be increased exactly 
ohe half free-space wavelength. However, be- 
cause of nonuniformity of the field, anexact null 
will not exist at this second position, The phase 
shifter will have to be moved slightly to obtain 
an exact null, The allowable discrepancy 
depends on the overall instrument accuracy 
being sought; when necessary a correction can 
be made, 


An important feature of the design of the inter - 
ferometer arrangement described jis that the 
entire instrument can be readily checked for 
error by a rapid three-step procedure: 


1, Perfection of the bolometer bridge balance 
is assured by simultaneous application of the 
identical test signal to both inputs of the bridge 
and obtaining a zero output signal, 


2, If identical microwave signals are sent into 
the colinear arms of the magic T, assurance of 
a null is obtained by removing the transmitting 
horn and replacing it with a short, Only the ref- 
erence signal now arrives at the magic T, By 
virtue of previously checked perfection of the 
tee, the reference signal should divide equally 
into the side arms and their bolometers, Only 
lack of perfection in bolometer impedance 
match and characteristics can then prevent a 
null, 


3, The master phase shifter calibration is 


checked in the iulluWing manner, Ths shift in- 
curred due to the insertion of the test dielec- 


_ @ric is noted, Next, without the dielectric 


present, the receiving horn is moved to cause 
the identical change in phase shifter positions, 
The shift of the horn in terms of degrees of 
electric phase is the I,P.D, 


An instrument has been built in which the 
accuracy of the I.P.D. measurements has been 
ascertained to be about 0.5°, Under automatic 
operation the instrument always responds to 
changes of 0,15". 


Single-Horn Complex-Reflection Measure- 
ment Method. A gage for electrical thickness 


has been developed which is basically a single- 
horn reflectometer for measuring the phase and 
amplitude of the wave reflected from a radome 
compared to a suitable reference, 


The basic operation of the instrument can be 
explained by referring to the simplified func- 
tional diagram of Figure 11-5. A‘ microwave 
signal passes through a bidirectional coupler 
and then through a small probing horn to impinge 
on the radome wall. Energy reflected from the 
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wall back through the horn also passes through 
the bidirectional eouniar A comnariaon of the 
phase and magnitude of the forward and reflected 
wave outputs of the directional coupler leads 
to an evaluation of the I.P.D, of the dielectric 
wall, More specifically, reference settings for 
the phase shifter and attenuator may be obtained 
with the horn shorted by a plate of metal to get 
complete reflection, The device then measures 
the reflection coefficient of the radome wall with 
respect to this reference termination, The in- 
strument is known to be balanced when the signal 
level in the difference arm of the magic T com- 
parator is zero, 


Both the reflection-coefficient magnitude and 
the I.P.D. are obtained by calculations based 
upon the measured phase shift and attenuation, 
In practic. the interpretation of the readings of 
the phase shifter and attenuator dials is accom- 
plished through the use of a special slide rule 
computer, graphic computers, or by actual com- 
putation, depending on the quantity and exactness 
of the information needed, 


A model of this instrument operating at X-band 


frequencies has been carefully developed in 
which only the probe horn, the directional 
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Figure 11~5. Apperatus for Measurement of Complex-Reflection Coefficient 
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couplers, and the microwave bridge are incor- 
porated into a lightweight test head which can be 
easily moved over a radome surface. The com- 
plete equipment including a stabilized frequency 
source is portable. The apparatus is discussed 
in detail in development reports. Automatic 
balancing is planned in a succeeding model, 


A disadvantage of the present instrument is 
that the entire periphery of the horn mouth must 
be in contact with the dielectric surface or the 
readings will be changed, In practice this 
means there must be a different empirical 
correction factor for every different degree of 
simple or compound wall curvature, This dis- 
advantage exists even in quality control appli- 
cations where simply the phase shifter readings, 
rather thana knowledge of the electric thickness 
or reflection coefficient, would suffice. Also 
because any dielectric wall placed over the 
mouth of the probe horn perturbs the field, the 
field distribution at the mouth will be different 
with every different wall construction or dielec- 
tric constant. In careful work it appears that 
these phenomena will have to be recognized and 
evaluated. For example, with a sandwich-type 
walt with nonsymmetrical sking the field at the 
mouth of the horn will be different depending on 
which side of the wall the horn is placed — but 
the wallactuatly has only one value of I.P.D, At 
the present time evaluation tests of a conclusive 
nature have not been performed, It is antici- 
pated that with proper antenna design these un- 
desirable uffects may be reduced, 


The instrument does not permit accurate 
measurements at the frequency at which the 
wall is a half-wavelength thick at normal in- 
cidence if the dielectric has low loss; this is 
because the reflected signal will be negligible, 
Shifting the frequency to obtain sufficient re- 
flection is only a slight inconvenience in work 
with ordinary dielectrics; however, with 
frequency -sensitive artificial dielectrics shift- 
ing from the design frequency probably would 
not be allowable and hence measurements could 
not be made, 


The absolute accurscy sougiit in the develop- 
ment of the instrument is 1,0 percent with a 
sensitivity of 0.1 percent at a center X-band 
frequency; the accuracy decreases at lower and 
higher frequencies. 


Single-Horn Minimum-Reflection Method. The 
I.P.D. of a single-layer wall can be evaluated 


through a measurement of the frequency at 
which the reflection is a minimum. The method 
to be described is based on the fact that the re- 
flection at normal incidence from a solid di- 
electric wall is a minimum when the electrical 
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thickness of the wall is a whole number of half- 
wavelengths, The method has been carefully 
evaluated and in now heing nat intr nraction! 
use, 


The basic elementsof this single-horn system 
are as indicated in Figure 11-6, The oscillator 
is continually swept through the frequency range 
of interest at a fairly constant rate by mechan- 
ical or electronic means. The microwave os- 
cillator is isolated from the rest of the system 
by the presence of a ferrite modulator, The 
small E-plane flared horn is experimentally 
matched (by insertionof a small dielectric slab) 
to have a standing wave ratio of less than 1.05 
over a frequency range of 8,200 to 10,000 mc. 
The front of the hornigs preferably located about 
three-quarters inchfrom the dielectric wall for 
ai,5 inch aperture horn, The power reflected 
from the panel (plus, unavoidably, that reflected 
from the horn) is indicated by a power -ratio 
meter, which compares the outputs of a forward 
and reverse direction sampling directional 
coupler, The power-ratio meter output is por- 
trayed as a function of frequency on an oscillo- 
scope, The frequency at which the minimum 
occurs is noted, 


Several fundamental difficulties must be rec- 
ognized in making measurements of the part of 
the emitted power that is reflected back into the 
horn by the dielectric, The reflection from the 
horn itself must be reduced to a negligible value 
over the operating frequency range to permit 
sensitive operation in determining the minimum 
reflection from the dielectric wall. Also, for 
sensitive operation the general level of the 
reflected power, with respect to the power 
leaving the horn, must be as high as possible, 
However, because of the nature of the near field, 
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Figure 11-6. Circuit Arrangement for the Meeturement 
of Reflection Amplitude 

















4 piacement of the dielectric. too close to the 
horn mouth will produce errors, These arise 
from the fact that the reflection from the front 
interface of the wall becomes large with respect 
to that from the rear interface. 


In practice, this method has been found capable 
of yielding medium-precision results if suitable 
care is taken in designing the apparatus. Two 
very important inhereat features make this a 
Singularly attractive one-horn measurement 
method, First, the results are changed but 
little if the variations in the wall-to-horn spacing 
are kept less than +5 percent; useful results can 
be obtained even if the variations approach +10 
percent, Secondly, curvature of the radome 
wall in itself is reported to have but a very 
small effect on the results, 


Ignoring the very small effect of loss, the 
I.P.D. of the dielectric wall in degrees is found 
from the following simple equation, 


LP.D. = sso(2-% (14-1) 
2 dO 

where Ag = the free-space wavelength corre- 

sponding to minimum reflection. It is antici- 

pated that a repeatability as close as 1° may be 

obtained with this method, The absolute accu- 

racy may be much poorer than this, 


)sesrees 


11-4, Reflection Measurements 


The very equipment used in the above system 
for determining the I.P.D. by the minimum-re- 
flection method can be used to measure the 
magnitude of reflections at any one frequency, 
The power-ratio meter indicates percent re- 
flection directly. 


In general, the indicated reflection will not be 
the true plane-wave reflection, The discrepancy 
is due to the “near-field nature’’ of the waves 
in the dielectric wall being tested. Different 
readings will be obtained with different horn 
sizes and horn-to-wall separations, With tight- 
weight sandwich-type walls the error in indi- 
cated power reflection coefficient may be as 
little as lor 2 percent with the horn in contact 
with the surface, With a solid wall it may be 
found that a small horn will have to be sep- 
arated from the walla large fraction‘of a wave- 
length to obtain good correspondence between 
the indicated and the true values, 


Nevertheless, the method can be highly useful, 
The apparatus is sensitive and the repeatability 
of readings canbe madeexcellent, Empirically, 
by taking readings on a wall of similar con- 
struction whose performance {s known or can 
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be calculated, the apparatus can be calibrated 
for testing any particular design of radome. 
Often test conditions canbe arranged so thal the 
indicated value may be sufficiently accurate. 


11-5. Physical Thickness Measurements 


Because of a highly reentrant shape or simply 
because of large size, with many radomes 
rather special facilities are required to obtain 
accurate measurement of the physical wall 
thickness, Even with small nearly flat radomes, 
the measurements usually cannot be made with- 
out facilities that, although perhaps simple, 
must be specially constructed. Several 
distinctly different types of gages have been 
developed for radome wall measurements; each 
has unique advantages in certain situations, 


Mechanical Gages, When possible in the 
simpler situations, various versions of large - 
throat <nechanical micrometers are used, 
Usually it is most convenient to build a device 
with a dial gage as the indicator in a general 
arrangement as shown in Figure 11-7, It is 
essential that the axis of the dial gage plunger 
and of the anvil be well aligned and normal to 
the radome surface. If a wall has small irreg- 
ularities in its surfaces, the readings will 
change slightly with radius of curvature of the 
end of the plunger and of the anvil, 


Severe limitations are found:in the above type 
of gaging when the problem of evaluating a large 
highly pointed radome is considered. The anvil 
must be supported inside on the end of a boom. 
The weight of the radome resting on the anvil 
will cause the boom to defiect and thereby pro- 
duce a direct error in the measurement. With 
heavy radomes the anvil may indent the surface 
and thereby cause additional error. When in- 
sufficient care is exercised, lightweight-core 


micrometer yoke : 





Figure 11-7, Mechenicel Micrometer for Measuring | 
the Physicel Thickness of Redeme Walls ; 


radomes with thin skins may suffer physical 
damage due to penetration of the end of the 
anvil through the inner skin, 


An Electromechanical Gage, The arrangement 
with the anvil supported by a boom would be 
greatly improved if the anvil were replaced by 
a second dial gage, as shown in Figure 11. 8, 
Then the greatest loading that could be exerted 
on the boom would be the insignificant thrust 
produced by the plunger of the lawer dial gage. 
Clearly, the algebraic sum of the changes in 
the dial gage readings, with and without the 
radome present, is the wall thickness, Further, 
movement of the radome wall in the direction 
of the axis of the plungers cannot alter the 
reading. 





A highly useful practical gage has been built 
using the above basic ideas." Refer to Figure 
11-9, The two dial gages have been replaced by 
electrical displacement detection units, These 
units operate on the principle that the mutual 
inductance of two stationary coils in a unit is 
altered when a small slug of commonly shared 
magnetic core matertal is displaced axially; 
this core element is mounted on a nonmagnetic 
probe which becomes the equivalent of a dial 
gage plunger. By bucking the output signals of 
the two detection units and feeding the difference 
signal to a servo-operated balance unit, and in- 
dication of the algebraic sum of the motions of the 
probe of the upper and lower detection units is 
obtained, 


The radome wall canbe moved in the direction 
of the »robe axis without introducing appreciable 





mechanical 
dial gages,. 
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Figure 11<8, Arrangement of Impraved Mecheniceul 
Micremeter fer Radome Walls 


" Developed by C. W. Bowlby, Boeing Airplane 
Company. 


error as long as the pickup units are operating 
in their range of linearity -- which can be as 
great as 0,5 inch, 


The upper sensing element is preferably at- 
tached to a micrometer-~feed movable mount 
which, after the indicator is sct to zero without 
the radome present, is raised precisely the 
amount of the design thickness of the radome 
wall, The indicator then reads the error from 
the design thickness, This arrangement allows 
basic calibration of the Indicator against the 
precision micrometer, Measurement accura- 
cles of 0.0005 inch are readily obtained, The 
displacement detection units and a servo-oper- 
ated indicating unit are commercially available 
equipment, 


An Electrical Gage. A gage that is completely 
electrical In its operation has been developed 
for measuring the physical thickness of dielec- 
tric walls independent, for all practical pur- 
poses, of tan 5 and e, of the dietectric,13 The 
operation of the instrumentis based on the var- 
jation of the mutual inductance of two coils, 
fixed in relationship to each other, when they 
are brought near a metal surface, Mutual in- 
ductance is used because a greater and more 
linear indication can be obtained than from 
self-inductance, 


The two coils are contained in a sensing head 
about 2.0 inches in diameter and 6,0 inches 
long which is connected by a convenient length 
of cable to an indicator and power supply unit, 
The coils are located in one end of the sensing 
head, After this end of the head is placed in 
contact with one surface of a dielectric sheet, 
the mutual inductance of the coila is changed 
when a thin sheet of metal is placed on the 
opposite surface; the magnitude of the effect 
will increase as the thickness of the sheet is 
decreased, 


The operating frequency is made sufficiently 
high that the metal may be aluminum foil as 
thin as 0,003 inch, The foil must be in intimate 
contact with the dielectric surface, as any air 
gap between the metal and the wall will make 
the indicated thickness too large. In practice 
the sensing head ts rocked to obtain a minimum 
reading; the head is then normal to the surface, 
If the gage is calibrated by measuring flat 
sheets of dielectric, a correction factor must be 
applied when measurements are made on a 
curved surface. The correction must be made 
because of the air gap that then exists between 
the bottom of the sensing head and the © ‘rface 
upon which it is placed; the mutual-inductance 
curve is unchanged but the zero point is shifted. 
When a compound-curvature surface has one 
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Figure 11=9, Cireuis of Electrice! Gage ter Measuring the Physical Thickness ef Radome Walls 


radius much larger than the other, as in an 
ogive, using the calibration for the smaller 
radius of curvature will permit measurements 
with good accuracy. Gages can be made to have 
an accuracy of 0,001 inch and a repeatability of 
less than 1 percent, 


An advantage of the mutual-inductance gage is 
that the wall of a finished radome can be 
checked without any mechanical setup, Also, tle 
gage has special merit in that it can be used to 
measure the physical thickness of a radome laid 
up On a metal mandrel before the radome is re- 
moved. Backing the dielectric wall with a mag~ 
netic material such as the cast iron of a man- 
drel causes a slight shift of the instrument zero 
but does not alter the slope of the output curve, 


This instrument ia, of course, not applicable 
to metal-loaded wall structures, 


11-6, Dielectric Constant Evaluation 


The interferometer finds use in the important 
auxiliary task of accurate nondentructive deter- 
mination of the dielectric constant of solid 
radome walls and test panels, Since the I.P.D, 


is measured directly and means can be provided 
to measure the physical wall thickness witha 
high degree of exactness, the free-space meas-~ 
urement method allows not only rapid but also 
very accurate evaluations of the dielectric con-~ 
stant, Its accuracy is basically due to the ab- 
sence uf the necessity for excellent fits or con 
tacts with the nietal surfaces in a waveguide or 
a cavity, 


For normal incidence, the relative dielectric 
constant «, in terms of the wall thickness, d, 
and the ‘4ree-space insertion phase distance,’? 
d', is (neglecting loss and interaction between 
the faces of the wall) 


cpa (ts q')? (11-2) 


For arbitrary incidence at angle 6 with either 
polarization, the corresponding equation is14 


2 
op! 1+ 2d cos o+(2) (11-3) 








which becomes 


ep ¥l +f (2) 
d d 


when @ = 60°, This angle, being high enough to 
minimize interaction between horn and wall and 
also being near the Brewster angle for most 
commonly used dielectrics, is conveniently suit- 
able for radome work, Good accuracies wilt be 
obtained from these equations when the polari- 
zation is parallel and the incidence angle is at 
or near the Brewster angle. Plots of «r versus 
d'/d for these conditions are given in Reference 
14, The quantity d" is identically the distance in 
free-space having a phase shift equal to the 
1LP.D, 


Aside from providing high accuracy in eval- 
uating homogeneous dielectrics, the interfer- 
ometer is uniquely rseful in evaluating slightly 
nonhomogeneous dielectrics, For example 
loaded dielectrics may be so nonh mogeneous 
throughout a volume only as large as a wave-~ 
guide specimen as to make dielectric constant 
measurements almost meaningless, But in use 
in radomes and lenses it is the average value 
over a reasonable intercepted area which must 
he maintained. The interferometer does in- 


(11-4) 


heruntly measure the dielectric constant as an | 


average value over an area of suitable size, 
A less accurate, but often sufficiently accu- 


. Fate, evaluation of dielectric constant can be 


quickly obtained by measuring the LP.D, with 
the single-horn minimum-reflection method, 


11-7, Dissipation Factor Evaluation 

The dissipation factor of a solid flat panel can 
be determined with a degree of accuracy useful 
in radome work by a free-space measurement, 
Under certain environmental conditions, in par- 
ticular that of rapid heating, this is the only 
approach developed that can yielduseful results, 
‘The measurements can be made with the same 
general type of microwave equipment as is used 
in the conventional trangmission and I.P.D, teats 
on panels, 


The method is based on the measurement of 
the power transmission efficiency under a con- 
dition of minimum power reflection; this exper- 
imental result is used in conjunction with an 
1.P,D, measurementand calculations to evaluate 
the dissipation factor tan 5. 


At the specified frequency, the power trans- 
mission efficiency is measured with parallel 
polarization at sufficiently close to Brewster’s 
angle to make the reflection very low. The re- 
flection cannot be made zero because there is 


. loss and because the fleid is divergent to some 


475 


degree and only the central ray can be caused 
to strike at Brewater’a angle, Wf the reflection 
could be made zero, the power transmission 
coefficient, T2, would be unity except for the 
attenuation due to ohmic loss. Then tan § could 
be evaluated accurately. The unavoidable re- 
flection may give rise to a small, but tolerable, 
error, since in this method the reflection must 
be assumed to be Zero, 


In addition to tT? the physical thickness d and 
the IL.P.D. must be measured to allow the eval- 
uation of tan & Because the dielectric con. 
stant and hence the I.P.D, varies slowly with 
frequency in the microwave region, it is not 
necessary to measure the J,P.D. at the trans- 
mission measurement frequency, but merely 
at a convenient frequency not too far removed, 


The quantities T?, d, cy,and tans are related 
by Equation (2-47), Chapter 2, It is not con- 
venient to solve for tan 6 directly, Instead, tan 
& ig found by interpolation between curves re- 
lating it to one of the other parameters, the re- 
maining parameters being fixed, 


The quantity ey of the sheet is calculated from 
the measured values of d and 1.P.D, Fora par- 
ticular value of «y and of d, a single curve of 
tan5 vs. T2 could be calculated; it would be for 
ijincidence at the value of Brewster’s angle de- 
termined for the given value of ¢, But, since 
the curve would be of no value for otler values 
of ey and d, maximum benefits from the calcu - 
lations will be obtained if, for each of a number 
of values of «,, separate families of curves are 
prepared, each family with a number of curves 
for the same selected values of the parameter 
d. The values of d and of «sy are chosen sy.- 
tematically with values straddling those ex- 
pected to be encountered in the test panels, A 
collection of such curves will allow evaluation 
of tan 5 throughout their range of values of ¢,, 
d, and tan 5 by interpolation. Admittedly, tan 
5 will usually be determined with only fair to 
poor accuracy if tans is large, i.e., roughly, if 
tan 6>0,02, But this is not as unfortunate as it 
may seem, because there appears little need to 
kiow tan é accurately in radome work if tan 
& > 0,02, Generally, it is necessary to know 
it only with an accuracy of perhaps 10 percent; 
if it is much larger, it is only necessary to 
know that it is so large and hence generally 
an entirely unsatisfactory value. If tan 6 is so 
small that it reduces T“ very little below unity, 
although the accuracy of determination again 
deteriorates, the situation is again alleviated 
by the fact that knowing roughly thal tan 6 is so 
small is sufficient for radome work, 


11-8, Measurements Under Special Environment 


Relatively exact measurements of ¢r and.tan 
$ On small waveguide or cavity specimens can 
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be obtained at room temperature and perhaps 
even at high elevated temperatures if sufficient 
tine is allowed for stabilization of the tempera- 
tures to some particular condition in the per- 
tinent parts of the equipment. However. if what 
is needed are the electrical properties of a 
dielectric upon being heated to a prescribed high 
temperature in a particular short time of less 
than the equipment stabilization time, none of 
the laboratory methods in which a specimen is 
placed in a test chamber and then heated can be 
used, These methods certainly canrot be used 
if the material changes its characteristics at 
elevated temperature in the time concerned. 
With most plastics used in radomes the degree 
of polymerization does change appreciably with 
time at temperature, Of even greater impor- 
tance may be the change in electrical properties 
of specimens of material from which moisture 
can be driven out. due to the decrease in mois- 
ture content with time at elevaced temperature, 
Also, in general, the laboratory methods that 
involve’ placing a specimen in a chamber can- 
not be used to obtain a direct answer if the 
condition to be simulated in one in which a 
temperature gradient exists through the wall. 
However, by free-space measuring methods 
good measurements of «, and useful measure- 
ments of tan 5 can be obtained under a great 
variety of conditions simulating those existing 
in practice, 


In the free-space test for eithey «, or tan &, 
two sorts of equipment are needed, One part is 
the microwave equipment, The second part is 
an environmental chamber and the associated 
apparatus for sliding a panel out of the chamber 
and into the space between the microwave test 


horns. In the environmental chamber arrange - 
ments can be made to cause a pancl to be ini- 
tially in equilib-ium with room temperature air 
ata particular humidity, The panel can then be 
heated at any rate compatible with the limita- 
tions of present heat sources; if desireil, the 
panel can be heated from one side only, Thus, 
the moisture and temperature conditions exist- 
ing in the radome at a particular time in Flight 
often may be fairly well established in a test 
pane) at the time of measurement, Then, for 
measurement the panel may be rapidly shot out 
of the environmental chamber into a proper 
position and orientation between the microwave 
test horns. The measurement must be made 
rapidly; i,e.,in a few seconds in extreme cases, 
to assure an evaluation before the dielectric has 
cooled significantly, This requires adequate, 
though not necessarily special, physical thick- 
ness gages and microwave equipment, 


An automatic-nulling interferometer is very 
convenient for rapidly measuring the LP.D, If 
the instrument is preset rougily to the correct 
value, a reading can be obtained within several 
seconds after the panel is shot into position by, 
at that time, energizing the automatic nulling 
servo system and then deeneryizing the servo 
system as soon as the interferometer balance 
is obtained, A rapid reading of transmission 
efficiency can also be readily made. 


If a reading is obtained rapidly and if the panel 
is returned to the environmental chamber im- 
mediately after the measurement is made, cool - 
ing of the measuring apparatus may be unnec - 
essary, : 


SECTION C, MEASURED DATA AND ITS UTILIZATION 


11-9, Choice of Test Frequency 


The phase shift incurred in passing through a 
solid wall is a function of the dielectric con- 
stant, With most natural dielectrics e, changes 
so slowly through the X-band and lower micro- 
wave frequency band ranges that, for radome 
work, e, usually can be assumed constant 
through each band, In the K-band ¢, can be as- 
sumed nonvarying over limited frequency 
ranges. Where e;, can be considered constant, 
1,P.D, measurements can be made (for the pur - 
pose of calculating e-) at any convenient fre- 
quency, i,e,, the operating frequency of an 
available interferometer, and donot necessarily 
have to be made at the design frequency. The 
1.P.D.at the cesignfrequency for low-loss walls 
ean be calculated from the results of measure - 
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ments at another frequency through use of the 
ee for the Insertion phase delay 


= 32 [tan “Lia tan D) - 54 cos ] (13-5) 


Buh swith p = aint 0 


where D 


: a fie -p et =p 
_fr + 1- +1-%p 
a} We i-p Jer <1 =p 
for parallel .and ede polarizations, 
respectively, 


11-10. Selection of Test Stations 


Because of diffraction phenomena, the far 
field of anelectromagnetic beam is only slightly 


Ay 


distorted by variations inradome wall thickness 
over areas with a maximum dimension smal! 
compared to the antenna dimensions, as long as 
the thickness averaged over areas appreciable 
with respect tothatof the radiator is the proper 


value, 


The above factis pertinent to the matter of the 
selection of test stations in measuring radome 
wall thicknesses, It is sufficient, and not merely 
an undesirable practicalcompromise, to mea- 
sure radome wall thickness errors at stations 
located at intelligently selected intervals rather 
than to attempt to measure the wall essentially 
everywhere, The test stations should be located 
closer together inthe more important areas, for 
example, near the nose of an ogival radome 
where the power intensities are relatively large 
at high angles of incidence, 


11-11, Value of Parallel Recording of Electri- 
cal and Physical Thicknesses 


With radomes requiring the highest precision 
ia wall thickness, facilities for continuous re- 
cording as the thickness gages scan the wall 
area is highly desirable, Of particular value, 
if the dielectric is nothomogeneous, is the side- 
by-side recording on a paper chart of the elec- 
trical nd physical thickness errors, Where the 
dielectric constant is uniform, the recorda of two 
thickness errors will increase and decrease 
together, In contrast, if over an area there is 
no physical thickness error but there is an 
electrical thickness error, it is clear that the 
dielectric constant is improper, This type of 
information portrayal is invaluable in develop- 
ing tooling and materials for producing half- 
wave wall radomes, 


11-12, Establishment of Wall Thickness Toler- 
ances 


Final judging of the adequacy of the perfor- 
mance of any actual radome rests on the re- 
sults of operational peinting-error or trans- 
mission tests, 


The allowable wall thickness tolerances can 
be established only by pointing-error or trans- 
mission tests ona sufficient number of radomes 
of the particular design, all of which have thick- 
ness variations such that the largest are close 
to, but are not in excess of, a particular toler- 
ance. The tolerance of the radomes in the test 
groups should be increased until the maximum 
value with which a sizeable group of radomes 
will meet the specified electrical pertormance 
tests has been established. 


With the tolerance established, the error tests 
can be elirninated in favor of thickness gage 


measurements for productioninspec ic ~* half- 
wave wall radomes and reflection gage mea- 
surements for s.ndwich-type wall radumes. 


11-13, Evaluation of Radomes for High-Tem- 
perature Operation 


Attempts to evaluate the performance of a 
radome and its antenna at high temperatures 
have been discouraging. Therefore, consider - 
able thought has been given to the matter of 
establishing, from room-temperatur: tests 
combined with calculation, the performance 
that will be obtained when the dielectric is at 
elevated temperature. A warning is sounded 
that this procedure may not be quick and simple. 


In the case of a half-wave-wall nose radome 
with small allowable boresight errors, the 
magnitude of the task can be seen by a brief 
statement of the steps of what appears to be a 
reasonable method, 


Initially, a test radome is built to operate at 
about the design frequency at room tempera- 
ture, By room-temperature range tests the 
boresight-error performance at the optimum 
frequency for the radome, as built, is estab- 
lished and found to be within the allowable 
limits for the final radome at high tempera- 
ture; It is then assumed that what is required 
is a radome with a wall that at the elevated 
temperature will have I,P.D. characteristics 
with as low slopes and as little difference be- 
tween polarizations, in the range of incidence 
angles of importance, as the wall of the test 
model had at room temperature, 


This wali thickness can be established by 
successive calculations, at the design fre- 
quency, of the I, P, D, characteristics for thick- 
nesses selected by a cut-and-try procedure and 
using the high-temperature values of «,, With 
the high-temperature wall thickness established, 
the change in thickness in cooling to room tem- 
perature and thus the thickness at room tem 
perature is found. The final radome, built to 
this thickness, should give very closely the 
same boresight error performance as the first- 
evaluated test model did at its optimum fre- 
quency, If the final radome is tested at room 
temperature at the frequency 


d 
f= fx (11-6) 


1 


where f, = optimum frequency of test radome, 


u 


dt physical thickness of test radome, 


a 


d 


physical thickness of final design. 








11-14, Effect of Loss on Phase Shift 


The presence of loss in the dielectric changes 
the LP.D. of a wail from the losslesn-dielertric 
value an Httle ae to he of no nractical conan. 


quence in most work. 


Even in high-precision half-wave walls at X- 
band, the effect is so small ag to be of no 
interest if the design angle is in excess of 60°, 
€p is in excess of 4, and tan & is less than 0,02, 
At lower angles and smaller values of cp, the 
magnitude of the effect should be examined in 
precise work, 


11-15, Dielectric Constant of Laminate Walls 


In general, with a laminate, ¢, varies with both 
polarization and angle of incidence, This is be= 
cause ¢, has one value for ths component of 
electric field lying in the plane of the lamina-~ 
tions and ancther value for the component that 
is normal to it. 


The laminate may be thought of as a stack of 
sheets in which alternate sheets of glass and 
resin themselves have, respectively, high and 
low values of «,. The effective «y for the 
stack is lower when the electric field vector is 
normalto the stack than when it is parallel to 
the sheets, For example, with a common poly- 
ester-resin impregnated glass-cloth laminate 
the values for the two orientations were found 
to be ey, = 4.2 and ey = 4.4, respectively, This 
difference in «> is large enough to necessitate 
its being taken into account in precision high- 
incidence-angle radome design. 


11-16. Importance of the Effect of Moisture on 
Electrical Wall Thickness 


With most materials used, other than solid 
glass or ceramic, the moisture absorption ina 
half-wavelength wali can be of practical con- 
sequence even under moderate humidity con- 
ditions, 


A case of particular interest is found in ra- 
domes for high-temperature operation, In man- 
ufacture they are generally cured for many 
hours at a temperature as high, or higher than, 
the operating temperature, At the end of the 
curing process the finished radomes have a very 
low moisture content. A period of at least a 
number of days is required for the moisture 
content to increase to become stabilized with 
the normal room conditions. If careful I.P.D, 
measurements are made, it will be found that 
the electrical wall thickness increases during 
the moisture-stabilization period. The increase 
can be large enough to be important in evalua- 
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ing the most precise radomes, Therefore, all 
testing of such radomes should be made after 
the same degree of moisture stabilization, 


11.17. Simplification in Inaneaction Testa 


Both procedure and equipment for inspection 
teata can generally be much simpler than thore 
for engineering evaluation tests, 


A regrettably vast amount of work has been 
expended in the past on boresight-error and 
transmission-efficiency tests merely for in- 
Spection purposes. To avoid continuance of 
the situation, suitable and simpler inspection 
facilities must be made available and a very 
considerable amount of correlation data must 
be obtained, 


As exemplified by the apparatus descrived for 
physical and electricat wall thickness and re- 
flection measurements, sufficient means are 
available to implement rapid, relatively low- 
cost, production-iine quality-analysis testing. 


The principal deterring factor in putting these 
tools into use is the lack of data establishing 
what tolerances can be allowed if a particular 
kind of radome is to have at least certain spec- 
ified minimum-performance characteristics, 
To obtain such data may be an extensive or a 
simple task, depending on the radume shape, the 
range of look angles, the antenna power pattern, 
the quality required, and whether assurance is 
needed thut every radome passed will be satis~- 
factory or if a statistical sampling will suffice, 


It does not necessarily follow that, for 
instance, a radome with very exacting bore- 
sight-error requirements is costly to inspect. 
A nearly flat honeycomb-core radome struck at 
modestly tow incidence angles will produce only 
extremely low boresight errors if it is made 
uniformly without any skin laps or construction 
defects such as core-cell filling. A simple 
check for low uniform reflection with a single- 
horn gage passed over all of one surface will 
give a 100 percent check for construction 
defects, If the requirements are stringent 
enough and the radome is small enough so that 
any with a defect can be discarded, the simple 
inspection suffices and the cost of boresight 
testing every unit is avoided. However, a com- 
plicated situation will exist if the requirements 
are less exacting and modest defects become 
permissible; then a large group of radomes 
must be tested on the boresight-error range and 
examined with the reflection gage to establish 
the limits in the readings of the latter which 
occurred with radomes having acceptable range 
performance, 





11-16, Interpretation of Requirements 


Those .esponsible for the effort of designing 
radomes and proving them adequaie oiien may 
do weil toaccept statements of performance re- 
qu.rements with a little skepticism and an in- 
quiring mind. 


When a single minimum-transmissionor max- 
imum-boresight-error limit is stated, it may be 
that, although the excellence in performance re- 
quested is necessary at some look angles, 
possibly it is not needed at the very look angles 
where it is hardest to obtain. 


Requirements are often established by statis- 
tical studies, |] that instance it may be impor- 
tant tu ask whether, on a statistical basis, the 
beam passes through the most troublesome 
areas a sufficient fraction of the total time to 
make it necessary to require the general re- 
quested perfor mance in that area, Occasion- 


ally, it wilt be found that the requirements can 
be relaxed with very little degradation in the 
radar capability. 


With respect to temperature requirements, the 
most often quoted figure is that of the gas just 
outside of the exterior radome surface; the tem- 
peratures in the radome wal! may be much 
lower than this, expecially in the case of 
missiles with a short time of flight. The 
radome problems may be much less difficult 
than would be inferred from the statement of a 
single unqualified temperature, 


Too often radome requirements are accepted 
without any inquiry as to how they were estab- 
lished, A part of the work of any radorre group 
should be'to study the necessity of the require- 
ments and to emphasize that any relaxations in 
stringent requirements will almost always be 
reflected in lower costs and higher production 
rates, 
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MEASUREMENT OF THE ELECTRICAL 
CHARACTERISTICS OF DIELECTRIC MATERIALS 


AND RADOMES 


SECTION A. REVIEW OF WAVEGUIDE PRINCIPLES 


12-1. Complex Permittivity and Permeability 


The fundamental quantities that one must con- 
sider in the choice of materials for the elec- 
trical: desi; . of a radome are the complex per- 
mittivity (dielectric constant) and the complex 
permeability, For simple mediums the electro- 
magnetic field equations are Unear, and these 
two quantities completely specify the material. 
The complex permittivity is usually separated 
inte a real and imaginary part as follows: 


aes jelaey 


er, 6 4; 3 
eae ne ae (12-2) 


Here ¢9 is the dielectric constant of free space. 
The dimensionless quantity tan &» iscalled the 
¢lestric loss tangent and is a measure of the 
anergy ics by heating due to ohmic losses in 
the material, The quantity ¢, is called the rel- 
ative real permittivity or more simply the rel- 
ative dielectric constant, 


Analogous to the complex permittivity, it is 
convenient with certain types of materials to 
define a complex permeability to account for the 
magnetic losses in the material. Thus, 


We Wa" ig ay (Lf tan 8.) (12-8) 


uN B ie, 
tan 5 ate (12-4) 


©, (1 = j tan 54) (1241) 


Here 1p isthe permeability of freespace, The 
quantity fan 5m is calledthe magnetic loss tan- 
gent, and the term uy is called the relative real 
permeability. Since the quantities ‘y, uy, tan 
5, and tan 5,, are all dimensionless quantities 
that completely describe the dielectric material, 
the radome engineer has, in general, chosen to 
work with these quantities rather than the com- 
plex permittivity and permeability. 


In the lower frequency ranges the characteris- 
tics of dielectric materials are of interest in 
the design of capacitors, insulators, etc., and 
over the years a large number of measuring 
techniques have been devised to determine these 
properties.l:2 These methods generally make 
use of the fact that the dielectric sample is very 
small compared ‘) the measuring wavelength. 
For these caseg, the sample may be considered 


‘as a lumped constant element. However, for 


frequenzies above several hundred megacycles 
it is generally not feasible to make use of the 
lumped constant concept and measurements are 
most easily made on the basis of the distributed 
circuit concept of transmission lines. Wave- 
guides and coaxial lines are particularly well 
suited for the measurement of the characteris- 
tics of dielectric materials, since the electro- 
magnetic fields are completely enclosed in the 
metal conductors and interference elfecta are 
automatically eliminated. In general, the prop- 
erties of interest in these measurements are 
Zq, the characteristic wave impedance, and > , 
the characteristic propagation constant. Once 
these two factors | are aps they may be con- 
verted easily to «* and »* 








12-2. General Analysis of Guided Waves 


Before proceeding toa discussion of the meas- 
urement of the dielectric parameters, it is well 
to review some of the fundamental properties of 
guided waves,*»4 First, coniider Maxwell’s 
electromagnetic equations for ee mediuma 
with harmonic time dependence al 


VxEejop HzO (12-6) 
VxH-jue’B=0 (12-6) 
V-E=0 (12-7) 
v-H=0 (12-8) 


Taking the curl of Equations (12-5) and (13-6) 
and solving the firat for E and the second ior H 
gives, 


oe ‘ae a“ Pad E=0 (12-9) 
2 ne ot n < H=0 (12-10) 


In the discussion that follows, the direction of 
propagation will be takenas the z-direction, and 
it willbe assumed that the propagation behavior 
in this direction may be taken as elut-»" for 
all components of E and H. Any suitable system 
of coordinates may be used to describe the 
transverse fields that lie in a plane normal to 
the direction of propagation. 


With this assumption we obtain the differential 
equations that describe the behavior of the 2- 
components of the electric and magnetic fielda 
in the dielectric region bounded by the metal 
conducting walla of the guide. 


vee ee ey mo (12-11) 
we Hye (Ph ay Hee 0 (18-12) 


The V; 2 operator is the two-dimensional Lapla- 
clan operator taken in the transverse plans. In 
rectangular coordinates it is 

2 or, Yr 


vy Fe (12-13) 
. oa ay? 


and in cylindrical coordinates it becomes 
2, 32 

ve rely ar, 1 oF 

‘ 2 2 92 
or* or or r® a 

Thus the solutionto Equations (12-11) and (12- 


12) give the z-componenta of the electric and 
magnetic fields, The boundary conditions im- 


(12-14) 


46 


posed on these differential equations are deter- 
mined by the cross section and the electrical 
properties of the conducting guide. If we as- 
sume perfecily conducting walls, the tangential 
component of the electric field murt vanianh over 
the surface of the guide. These boundary con- 
ditions give rise to a relation that connects the 
churacteristic propagation conatant, 7, with the 
frequency and the dimensions of the waveguide. 


If a quantity ke is introduced, defined by 


ko? ny 4 at (12-16) 
then the numbers ke are called the characteris- 
tic or eigenvalues of the differential equations. 
For each eigenvalue ke of the Riquations (12-11) 
or (12-12) there “corresponds a function that 
describes the z-component of the field. Once 
the g-components of the field are known the 
transverse components may be easily derived 
re ‘il Maxwell curl Equations (12-5) and 
12-6). 


Inthe general study of guided waves, it is con- 
venient todivide the solutions into three general 
types of waves TEM, TE, ant TM, each of which 
can coexist independent of each other. 


1, Tranaverse electromagnetic waves (TEM) 
contain no electric or magnetic field components 
in the direction of propagation. They derive 
their name from the fact that the electric and 
magnetic field components are all in the trans- 
verse plane. 


2. Transverse electric waves (TE) contain 
magnetic, but no electric, fields in the direction 


of propagaiion. 


3. Transverse magnetic waves (TM) contain 
electric, hut no magnetic, field components in 
the direction of propagation. 


Detailed analyses of wavoguides operating in 
these modes may be found ina number of texts 
that treat the transmission of waves. For con- 
venient reference the following important re- 
suite for coaxial, rectangular, and circular 
guides are summarized in paragraph 12-3. The 
guide geometrics are aketched in Figures 12-1, 
12-2, and 12-3. 


12-3, Summary on Guided Waves 


a. Characteristic wave impedance for TEM 
and TE waves 


” 
Zo wie (12-16) 


ee 


Characteristic wave impedance for TM waves 


~u 


tg =o (12-17) 


b. Characteristic propagation constant 


yeasjbay/ (ky)?- at ef * (12-18) 


where k, = 0 for TEM coaxial node 





2 for TH and TM 
k 2, (mz) 7 (a2) rectangular (12-19) 
\ : Figure 12-1, Conxial Wevegeide Netetion ¢ a] dD, guide modes 


*o is given by the equations 
J, (kya) =0 for TM circular mode (12-20) 
; qn (k, a) = 0 for TE circular mode (12-21) 


where J,38 Bessel function of the first kind of 
orde* r and 


Zz Le te) 2nte) (12-22) 
‘m : 7 
lee a 


c. Cutoff frequency 
Figure 12-2. Rectenguler Weveguide Neretion 


a Me 
{= Onfan (12-23) 


d. Cutoff wavelength 


Ne “i (12-24) 


e. mide wavelength (lossless case) 


"A ay (12-28) 


whereX = 1/i¢ f = wavelength in unbounded 
! Figure 12-3, Cirevier Waveguide Notetion dielectric. 











SECTION B. IMPEDANCE MEASUREMENTS USING A TRANSMISSION LINE 


12-4, Fundamental Relations 


Since the majority of the methods for determin- 
ing the electrical characteristics of dielectrics 
cali for an input impedance measurement, it is 
well to review some of ge tundamentals of 
transmission line theory, ~? ‘T In terms of the 
parameters 7 and Zp, the treatment of two-con~ 
ductor transmission lines andhollow waveguides 
is identical. Accordingly, in this discussion no 
distinction will be made between the types of 
transmission, In addition the terms transverse 
electric and magnetic fields are used inter- 
changeably with voltage and current. 


Consider the line in Figure 12-4 of length s 
having a characteristic propagation constanty, 
a characteristic impedance Zo, a load impe- 
dance Zp, and a generator impedance ZG. From 
aimple transmission line theory the input im- 
pedance at any point z is given in terma of the 
terminating impedance Zp and the properties of 
the line by 


Zp + 2g tanhyz 


Z(2) = Zy ——- > 12-26 
lees 2o + Zp tanhyz : 


The desired impedance Zp may thenbe obtained 
from a measurement of Z(z) by solving this 
equation. The same operationis commonly per- 
formed graphically, in cases where such meth- 
ods are sufficiently accurate, by using an im- 
pedance diagram such as the Smith Chart.8 


Figure 12-4, Transmission Line Notation 


In most air-filled microwave coaxialand wave- 
guide transmission lines it is permissible to 
neglect the attenuation in the transmission line 
itself and to assume y%j, With this assump- 
tion it can be shown that the input impedance at 
a point of minimum voltage (and maximum cur- 
rent) on the line is given simply by 


z 
Zemin (2) = 32 (12-27) 


where Sis the voltage standing wave ratio (SWR). 
imflerty, the input impedance at a manmuim 


voltage point is 
Zmax (2) = 82g (12-28) 


Measurements of the distance z to a minimum 
or maximum voltage point and of the SWR are 
thus sufficient to specify the impedance Zp. 


The direct measurement of high SWR’s presents 
several experimental problems. First, the 
range over which the detector must respoud ac- 
cording to an accurate mathematical law may 
be too great. Secondly, it is difficult to meas- 
ure the voltage at a maximum without disturb- 
ing the field. It is desirable, therefore, to de- 
termine the SWRfrom measurements made near 
a@ voltage minimum. A common procedure for 
dealing with relatively high SWR (210) ig to 
meagure the distance Az between two points on 
either side of a minimum (see Figure 12-5) and 
the ratio, r, of the voltage at these points to the 
voltage at the minimum.¥ The SWR is then given 
by 


gx rere (12-29) 
7AZ 





Or, if the points are chogen go that their fields 
are 3 db in magnitude above those of the mini- 
mum, Equation (12-29) becomes simply 


s 28 (12-30) 


The ratior may be selected for convenience so 
that a compromise between the accuracy of its 
measurement and accuracy of the Az measure-~ 
ment is reached. The farther away from the 
minimum the measurement is made, however, 
the greater will be the probe disturbance on the 
guide fields. 





Figure 12:5, Notetion for Impedance Measurements 





12-5. !mpedance Measurement Using Slotted 
Lines oo rs a oe ge 


The most common method for measuring im- 
pedance at microwave frequencies!0 ia by con- 
ueciing the impedance to a slotted low-loss 
transmission line or waveguide and measuring 
the SWR and the distance from the terminating 
impedance to a voltage minimum position. The 
impedance at the minimum, Zypjp, is then given 
by Equation (12-27), and the desalted impedance, 
Zp, 1a obtained by transforming Zmin by Equa- 
tion (12-26) or by its graphical equivalent. 


If a low-loss line (with y2j 4) is used and the 
impedance Zp is such that the SWR is not too 
high (line attenuation much smaller than load 
attenuation), Equation (12-26) may be sim- 
plificd to 


Z 2 , 
(2p + | 2p tandz) (12-31) 


nies 29 (Zp +j 2p tan£2) 





The line attenuation is thus neglected, and there- 
fore it is desirable to make the measurement 
of Zmjn at the voltage minimum nearest the load. 


If the line loss is low ( 2j4) but the load Zp, ig 
auch that line attenuation cannot be neglected, 
Equation (12-31) may still be used by first cor- 
recting the value of the measured Zmin as fol- 
lows. The lines losses may be determined by 
measuring two minimum widths, one with the 
load Zp in place and the other with the load re- 
placed by @ Shorting plate. If the loss in the 
shorting plate isnegligible, all of the attenuation 
can be attributed to the line and a simple cor- 
rection applies to the measuredvalue Az. Thus 


2m 
(02) corrected = 4”) measured ~ 2) (24) 
(12-82) 


Here AZ, isthe minimum width on the shorted 
line measured a distance z; from the short cir- 
cult, and 2, is the distance frotn the load Zp to 
the voltage minimum where Az is measured, 


If the loss in the short {ts not negligible it is 
necessary to measure the width Az, at gucces- 
Sive voltage minimums along the line. If these 
values are then plotted with Az, aa ordinates 
against the distances from the short as abscisc- 
sas, a straight line is obtained. The intersec- 
tion of this straight line with the ordinate gives 
the contribution to 421 due to the loss in the 
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short, while the scope of the line is a measure 
of the wideriing of Az, per unit length due to at- 
tenuation tn the guide wall. Therefore, the pro- 
duct of this measured slope timas the distance 
iv ihe voltage minimum Zy gives the correction 
term that muatbe subtracted from the measured 
value of 4z. 


12-6. Resonance Method of Impedance Meas- 
urement 


Analternate methodto using a traveling detec - 
tor and a slctted line is that of usinga fixed de- 
tector and a method for varying the line length. 
Usually the line is fed by a small loosely cou~ 
pled loop, which is fixed to the face of a mov- 
able shorting plunger (Figure 12-6). An impor- 
tant requirement is that the loop present a volt- 
age at the face of the plunger that is Independent 
of the line length. The fixed detector may be 
placed at any point inthe line, since it is merely 
a pickup to indicate resonance; huwever, care 
should be taken to see that it is loosely coupled. 


The tine will be resonant when the line length 
8 = Sq is equal to the distance from the load to 
the vatage minimum zm for the standing- wave- 
ratio method. Similarly, the half maximum 
power width, 4s, of the resonance curve is equal 
to thedouble minimum power width of the mini- 
mum-probing method. It is therefore evident 
from Equations (12-27) and (12-31) that the ter- 
minating impedance is given by - 


1 -jStan és (12-33) 
Zp = 2g S-junae, 


and the SWR by analogy with Equation (12-30) 
is given by 


nds (12-34) 


fined 
pickup proby 


loap 
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piston 


Figure 12-6. Resonance Method 





The loss in the guide walls and shorting piston 
may bedetermined by measuring the half-power 
width of the resonance curve with the load re- 
placed by a shorting plate. The corrected value 


of As is then obtained by subtracting this reso- 
nance width of the shorted guide from the reso- 
nance width of the guide terminated in the load 
ZR- 


SECTION C. SHORTED- LINE METHOD FOR OBTAINING DIELECTRIC PROPERTIES 


The shorted-line method, developed by von 
Hippel and others,11-17 remains probably the 
most useful and satisfactory method of meas- 
uring the electrical characteristics of dielec- 
trics, For this reason, the discussiui is limited 
to this method rather than trying to cover all of 
the methods that have been reported.18 


In the shorted-line method for measuring di- 
electric properties, one places the sample ata 
known distance, A, from the short-circuited end 
of a waveguide (Figure 12-7), The input impe- 
dance (z = 0) is measured for two different 
values of 4. The values of the relative dielec- 
tric constant, ¢r, the relative permeability, “y, 
the electric loss tangent, tan 5g, and the mag- 
uotic loss tangent, tan 5m, can then be calceu- 
lated from the two measured values of input im- 
pedance. In theory, any two different values*® of 
4 can be used todetermine completely the prop- 
perties of the dielectric. In practice, however, 
the calculations are much simplified if values 
of 5 = 0 and4 = Ag/4 are used. These two con- 
ditions correspond, respectively, to the two 
cases where the dielectric js terminated in a 
short circuit and in an open ¢ircult. 


12-7, Simplified Procedure for Unity Permea- 
bility 


By far the greatest majority of the materials 
encountered by the radome engineer have a re- 


ee 





Figure 12-7, Sherted-Line Methed 





*Except where the two values of A are sepa- 
rated by an integral number of half wave lengths 
in the guide. 
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lative complex permeability of unit,** and in 
these cases a single impedance measurement 
is sufficient todetermine the relative diclectric 
constant and the electric loss tangent. Again, 
any value of A maybe used for the measurement, 
but the calculations are much simplified if the 
dielectricis terminated in either a short circuil 


or an open circuit. These two cases will be 
treated below. 


rt-Circuit Method. When the dielectric 
(medium 2) is terminated in a shorting plate 
(4 = 0) the input impedance at z = 0 will be de- 
noted by Zge. From Equation (12-26) with 
ZR = 0, the well known expression fur the input 
impedance of a shorted line is obtained, Thus 


Ze = Zp tanh Y9d (12-35) 


where the notation used is given in Figure 12-8, 





Figure 12-8. Notetion for Short-Circult Method 


The normalized input impedance 2,../Z9) is a 
directly measurable quantity that can be deter- 
mined experimentally by either the traveling 
SWR probe or the resonance method described 
previously, 


The Summary on Guided Waves, paragraph 12-3, 
shows that for TEM and TE modes the charac- 
teristic wave impedance can be expressed very 


—— 


**Exceptions to this are artificial dielectrics, 
metal loaded dielectrics and ferromagnetic 
materials. 





simply in terms of the characteristic propaga- 
tion factor. Thus for u* = ug 


Zz no and Z ing 
4 sesso ni ssl lo 
02 9 01 1 (12-36) 


Dividing both sides of Equation (12-35) by Zo1 
and using Equation (12-36), 


A 


1 


Z y 
ss Fy ah 72 (12-37) 


201 


lf we neglect the attenuation in the air-filled 
guide, y, z j (2n/A,)and Equation (12-37) may 
then be written 


tanh Y90 _ -j\g Zsc 


Yoda 2rd Zo (12-38) 

Thus Equation (12-38) is a transcendental 
equation relating the unkhown complex propaga- 
tion constant 72 witl, the measurable quantities 
Zgc/Zo1. Ag andd. Now, if the right-hand siete 
of Equation (12-38) is written in polar form, 


“Dg Zee _ - 
a Zoi clé (12-39) 


Equation (12-38) becomes 
sauh ¥98 Lote (12-40) 
Yea 


In spite of ite simplefurm, the solution for thia 
equation cannot be obtained directly. Roberts 
and von Hippel have obtained a convergent series 
solution for the cage when49z,, is an odd mul- 
tiple of a quarter wavelength and the SWR is 
large. They have also plotted complete charts 
of the function 41, 1 


tanh TL? te 
Tz clé (12-41) 


In these charts, contours of constant C and ¢ 
are plotted on a graph having the argument 7 as 
the ordinate and the magnitude T as the abscissa. 
It is evident that Equation (12-40) is identical to 
Equation (12-41) if 


red = TL (12-42) 


Therefore, the procedure is to determine C lé 
first from the measured quantities in Equation 
(12-38); the charts defined by Equation (12-41) 
are then used to determine TIL = vad. Unfor-~ 
tunately, the value of ygd determined by this 
method will be multivalued. This ambiguity can 
be removed if the measurements are made on 
two samples or if the approximate value of the 
dielectric constant is known. 


Once the characteristic propagation constant 
Y¥» has been determed, the dielectric proper- 
ties of the material can be obtained rather sim- 
ply. The equation relating these two quantities 
is given in paragraph 12-3 

o 3 * 
Yq = a sigh a My where # =Hy (12-43) 


From Equations (12-43) and (12-1) and from the 
ke vs. A, relation in paragraph 12-8, 


2 (ef 2 


¥ = ri - a" by £9 é (1 - j tan 54) (12-44) 


Introducing into Equation (12-44) the relation 


2 
12 an 12-45 
wun ey (2) (12-48) 


and rearranging the expression for the dielec- 
tric properties we obtain 


Ag\2 [xy ap\2 
e, (1 -j tan 59) -(2) (2:2) (12-46) 


Re 2n 


Thus the real part of Equation (12-46) relates 
the dielectric constant cr, while the imaginary 
part relates the electric loss tangent tan 5e 
with the known quantities on the right side of 
the equation. The values of the cutoff frequen- 
cies are given in paragraph 12-3. For the dom- 
inant modes they are 


Ae = © for coaxial TEM mode 

Ag = 2n/1.84 x radius for TE, mode in cir- 
cular guide 

de = 2 x width for TEj9 mode in rectangular 
guide. 


While the above method applies for any sample 
length, more accurate results will be obtained 
if the electrical lengthof the sample in the guide 


a os 
re ert 


—_— eo: 


ate Fe — pene 235 


is equal to an odd multiple of a quarter-wave. 
The power losses at the face of the dielectric 
willie si a imaaimum, and so the standing-wave - 
ratio will be a minimum for this length. Thus 
the losses in the dielectric are increased with 
respect to the lugses in the guide wall and the 
overall accuracy in determining tan °@ ig in- 
creased. 


Open-Circuit Method. Analogous to the short- 
circuit method described above, an open-circuit 
measurement can be used to obtain the dielec- 
tric properties of a nonmagnetic material. The 


open-circuit measurement is obtained by placing 
the shorting plate a quarter wavelength (4 = 


g/ 4) behind the dielectric in the arrangement — 
0 


Figure 12-9, This reflects an open circuit at 
the back face of the dielectric and so from 
Fquation (12-26) the input impedance of the 
open-circuited dielectric is 

Zoe = Zon coth vg d (12-47) 
By analogy with the short-circuit case, this 
leads to an equation of the form 


coth Tr a é iS 
ae clé (12~48) 


where T\Z is defined by Equation (12-42) and 
Clé by analogy with Equation (12-39) is 


-j\. Z 
coed s 
clé= 34 Zoi oiical 
Curves are again available20 for determining 
TI® . Once this has been established, the char- 
acteristic propagation factor yg is determined 
from Equation (12-42). The relative dielectric 
constant and electric loss tangent are then de- 
termined from Equation (12-46). The optimum 
electrical length for the samples in this case is 
any integral multiple of a half-wave. For this 
length the SWR is a minimum and thus tan 5, 
can be most accurately determined. 


Combined Open- and Short-Circuit Method. 
The transcendental equation and the ambiguity 





Fiyure 12-7, Notation for Open-Circult Method 
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in y gd are avoided provided botha short-circuit 
and an open-circuit measurement are taken. 

To arrive at this result, multiply Equation (12- 

35) and Equation (12-47) and we obtain 

“ 2 s 

Zee Zoe * (Zgo) (12-50) 

Referring to paragraph 12-3 we see that for 

TEM and TE modes 


jex9 
Oa 
j ne = HO (12-51) 
@ 
2/0 
Z02 Te 


Now, dividing both sidea of Equation (12-50) by 
Zo 12 and substituting Equation (12-51), in the 
right side cf the equation we obtain 


2 
Zgc Zoe (74 
(Zo)? \72 
In the air-filled guide yz 2j (27/\g) and so 
Equation (12-52) reduce to 


jan 
YQ" 


1/2 
Zo1 Zo 


Thus, the above equation gives an expression for 
yg in termes of the normalized short-circuit and 
open-circuit impedances and the characteristic 
wavelength in the air-filled guide. Once 7» has 
been established, the relative dielectric constant 
and the electric loss tangent can be obtained by 
equating the real and imaginary parts of Equa- 
tion (12-46), 


The principal disadvantage to thia method is 
that it is difficult to account for wall losses in 
the sample holder, 


(12-52) 


(12-53) 


12-8. Simplification for Medium-Loss Mate- 
riale Having Unity Permeability 


D:kina and Works!4 have shown that for low- 
and mediurn-loss materials certain simplifying 
approximations can be made in Equation (12-38) 
that make it possible to solve for «+, and tan 3, 
directly, thus eliminating the complex trana- 
cendental involving tanh yed/79d. This simpli- 
fied solution is obtained by starting with Equa- 
tion (12-38) with Equation (12-91) written for 
Zge/ 24: Thus, 


fanh od -i%g (2-4) Stan 41%m \ (12.54) 
%od and \ S~jtan 4, 2, 


By equating the real parts of Equation (12-54) 
and assuming that 79d and 1/S are small, an ex~ 
Pression is aacurad far fad invotving ons ths 
position of the voltage minimum zm, the sample 
thickness d and the guide wavelength 4g. Thus, 


tan fod A, tan aa 


Aga and 


(12-55) 





The right-hand side of Equation (12~55) is de- 
termined from the measured quantities. Ongs 
this is known, 49d isdetermined from a table 
of tan x/x. Unfortunately, Sgd is multivalued, 
If the correct value cannot be selected by pre- 
vious knowledge of the material, a second meas- 
urement is necessary using a different length, 
Once 49d has been determined «¢,y is easily de- 
termined by equating the real part of Equation 
(12-46) and neglecting »“. Thus, 


2 

2}_1 [42d 

tp = AQ : 3 (ea) (12-56) 
Cc 


Similarly, equating the imaginary parts of 
Equation (12-64) leads to an equation for tan Sg. 


fod ( + tan? tm] 
tan 3, — ge ae NS a 
And ( + tan? 94) tan bod 


(12-567) 


The Equations (12-55) to (12-57) are accurate 
to +1 percent for values of tan 5. < 0,1 and for 
a9d<0.25. This includes the greatest majority 
of all low- and medium-loss materials such as 
are used in radome constructions. Generally 
speaking, if the SWR210, these equations are 
applicable. : 


If the dielectric is terminated in an open cir- 
cuit instead of a short circuit, Equations (12-54) 
to (12-57) remain applicable, provided tanh Agd 
is replaced by coth f2d. 


12-9. Corrections for Loss in the Waveguide 
Wall 


When making high SWR measurements it is 
not permissible to neglect the line loss between 
the probe and the load. 


These losses are determined by measuring the 
twice minimum power points around the voltage 
node with the empty guide terminated in a short 
circuit. The correction is then applied accord- 
ing to Equation (12-32), This accounts for the 
line losses between the probe and the front fuce 
of the dielectric. However, in making measure- 
menta on very low-loss materials, tt may also 
be necessary to correct for the loss in the wall 
of the dielectric-filJed section. Unfortunately, 
the loss in the guide wall cannot be separated 
easily from the dielectric loss. Theoretical 
values for the damping due to imperfectly con- 
ducting walla are given in a number of text- 
books. However, since the attenuation in the 
guide walls is dependent largely upon surface 
finish, the theoretiaal value may be in consider- 
able error. Actual measurements of the wall 
losses are therefore preferred. 


It is convenient t express! the attenuation in 
the guideasa logs tangent, tan 5y. From Equa- 
tion (12-57) this may be expressed in terms of 
measured quantities in the empty guide as fol- 


lows:* 
Az x 
Bisa: [44-8 (12-58) 
zy he 


This value for tan 5, is not independent of the 
dielectric filling the guide, but, in general, is a 
function of the dielectric constant and permea- 
bility of the sample. Westphal and von Hippel?2 
have derived theoretical ratios of wall loss with 
the sample present (tan 5,4) to wall loss of the 
empty guide (tan 5,). These ratios enable one 
to correct the value of tan 5y to take into ac- 
count the dielectric. However, for nonmagnetic 
material this ratio becomes unity for the TEM 
mode, and it does not differ greatly from unity 
for TE modes. Thus, as a first approximation 
Equation (12-58) may be used directly as a cor- 
rection factor for the guide loss in a dielectric- 
filled sample holder. The procedure, therefore, 
for low-loss materials, is to determine tan 59 
from Equation (12-57). The correction for wall 
loss is then made by subtracting tan 5y given 
by Equation (12-58) from tan 5g. 


*Negligible losses in the shortingpiate are as- 
sumed, 





\ 





12-10. Measurements on Magnetic Matsrials23 

For matariala having a ralativa nermaability 
equal toa value other than unity, it is necessary 
to make two independent measurements on the 
sample to determine the four quantities ¢,, uy, 
tan 5g and tan 4, which describe the dielec- 
tric. One ofthe simplest procedures /gto meas- 
ure the input impedance ofa short-circuited and 
open-circuited sectionof dielectric-filled guide. 
The characteristic wave impedance of the di- 
electric-filled section, Zg2, is then the geome- 
trical mean of its short-circuited and open- 
circuited impedances. In addition, the charac- 
teristic propagation constant of the diclectric- 
filled guide yg is simply related to the ratio of 
the square root of its short-circuited and open- 
circuited impedances. Knowing 202 and 7q, the 
values of the complex permittivity and permea~- 
bility can be calculated, 


To arrive at these results we start with the 
familiar expressions for Zgp and Zoe 


Zee = Zgg tanh 79d (12-59) 


Zoe * Zgg coth red (12-60) 


From these 


me = tanh ¥9d (12-61) 
Zoe 


(2) = 202 
VA %o1/\2Zo1/ 201 

Equations (12-61) and (12-62) above are the 
basic equations that will be used in calculating 
fps Hp tan 84, and tan 8... Note that the quan- 
tities on the lef: in these two equations are the 
measured quantities that are determined by the 
standard impedance-measuring techniques dia- 
cussed earlier. 


and 


(12-62) 


To determine the characteristic propagation 
constant in the dielectric 7g, it is convenient to 
change tanh yad to the exponential form. Thus, 


279d 


Zs m Ps -1 
[Fs ere 


e +1 


(12-63) 





From this 
9 1 | “sc 
‘YY Z 
e 2 ___X %oe (12-64) 
1- | Zsc 
Zoe 
Now Introduce R lé defined by 
l+ Zee 
Zz 
‘oc 
= Fle (12-68) 
1- /_5¢ 
Zoe 
into Equation (12-64) 
2 
etbad + iad) ob Le (12-68) 
From this it follows immediately that 
ap = “5 (12-67) 
and 
ft 2m7 
"ta mes 1, 2, 3, eae (12-68) 


Unfortunately, £4 is not uniquely determined by 
Equation (12-68 The proper value of 42 can 
be selected from the possible values if the ap- 
proximate value of 43 is known. 


Now, returning to our other basic Equation 
(12-62) and using the fact that Zp = jou*/y for 
all TEM and TE modes 


202 71 42° hg" 


Zac \ ( Zoe (12-69) 
Zoi] \Zo1 "Zo 3g a" 


In the air-filled guide », "ag and 5) 34 (2n/A g) 
Thus, (12-69) becomes | 


(Ges)(es)~ 


Amy (1 - j tan bm) (19.79) 


AgG@a+] Xe @e +1 Ag) 
Now let 
Zz 
P+jQ= — (12-71) 
01 201 


ee 


and hence from (12-70) 
é 2mu, | 49 + %9 tand ay 
"Ag ag? + by 
aru, ay - 44 tan es 
Re ay? + Pq? 


Now, (12-72) and (12-73) can be solved for », 
andtan iy. Thus, 


(12-72) 


(12-73) 


Qz 





d 
Ly — (By P +a Q) (12-74) 


ag P -AgQ 


Bg ee 
ze m fo P +29Q 


(12-78) 


The two properties remaining to bedetermined 
now are ¢y and tan 5,. To obtain these quanti- 
ties use the expression trom paragraph 12-3 for 
the characteristic propagation constant in me- 
dium (2), Thus 


747 Ga +4 Aq)" = ke? - ate,” ug” (12-76) 


Using k, = (22/2 ¢) and wou» a (21/29)? and 
writing ¢ * and .»)* in the complex form 


2 fan fan 
tartan EYE 
(12-77) 


ty Mp (1~J tan Bg) (1 - j tan 3,,) 


- Separating the real and imaginary parts 


2 
2 2 Qn do 
ay - 2 af oa —|- 
2 - ba + 2ogh (z) (2) 
fruy [« - tan 3, tan ‘a | - (12-78) 


(1 (tan 3, +tan tn) | 
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Equating the real part 


Sey: 


(12-78) 
€ ply (1 ~ tan’, tan 3.) 
Equating the imaginary part 
an 
dag Az = (2) E Hy 
(12-806) 


(tan 8, + tan ‘=| 


Equations (12-79) and (12-80) may be solved for 
«,and tan 5, toobtain | 


2, \2 
(*s} -(2) a” -B 9” +2an80 tan 5.) 
Ne 


r 





by (1+ tan? 5.) (12-81) 
and 
Zan fin /d 
tans, «—— (2) ~tan§,, (12-82) 
fray \2n 


Summarizing, the procedure for determining 
fr, Mr, tan 3, and tan 3m starts first witha 
measurement of Zg¢e/Z01 and Zoc/Zg1. From 
these measurements we determine RL? from 
Equation (12-65). Once this has been determined 
we obtain the values of 29 and £3 from Equations 
(12-67) and (12-68), Now, obtain expressions 
for P and Q defined by Equation (12-71). From 
the values of P, Q, agand 49, two of the desired 
quantities ur and tan 43, are obtained from 
Equations (12-74) and (12-75). Finally, the val- 
ues of ey and tan te are obtained from Equa- 
tions (12-81) and (12-82). 


12-31. Eyplcat Equipment for Dielectric Meas- 
uremen 


Shorted- Line Method. The equipment required 
for making dielectric measurements using the 
shorted-line method is of the same general type 
that is used for {mpedance measurements on a 
transmission line. Figure i2-10 shows a typi- 
calslotted-line arrangement for making dielec- 
tric-constant measurements in a coaxial or hol- 
low guide. The equipment consists of a slotted 
waveguide; a traveling tunable pickup probe; a 
tuned audio amplifier; a square-wave modulated 
signal generator, afevrite isolator, anda dielec- 
tric sample holder closed by a short-circuiting 


plate. Radio frequency anergy from the square- 
wave modulated signal generator is fed through 
the isolator into the line. By means of the pick- 
up probe in the slotted line one determines the 
turlon en lsleiues: mouiae width! and tha: naeitinn of 
the voltage minimum of the standing-wave pat- 
tern set up in the guide, These two measure- 
ments can then be used to determine the input 
impedance at the front face of the dielectric 
sample. By measuring this impedance first 
with the dielectric terminated ina short circuit 
and then in an open circult, one can determine 
the complete characteristics of the dielectric 
material. For nonmagnetic materials, one such 
impedance measurement is sufficient to deter- 
mine the properties of the material, 


Resonant Cavity Method. .A typical arrange~ 
ment using the resonant cavity method is shown 


in Figure 12-11. Operation is quite similar to 
the SWR method except that the pickup probe 
remains stationary and the shorting piston is 
varied in position. By determining the half- 
power width and the plunger position at reson- 
ance one can determine the input impedance at 
the face of the dielectric (paragraph 12-7), 
From this point the procedure is identical tothe 
traveling probe method, 


Figure’ 12-12 shows a commeroial version of 
a microwave dielectrometer capable of making 
dielectric measurements at 1000, 3000, and 
8500 megacycles. For the two lower frequency 
ranges a coaxial guide is used for the measure- 
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Figure 12-10. Typical Equipment for Dielectric Mecsuremants 
Using Slotted-Line Method 
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Figure 12-31. Typical Equipment for Dielectric Measurements 
Using Resonance Method 





Figure 12-12. Microwave Dielectrometer (By permission of 
Central Research Laboratories, Inc.) 


ment, whereas at 8500 megacycles the center 
conductor is removed and the circular pipe is 
Operated in the TE,,; mode, The equipment is 
adaptable to either the standing-wave-ratlo or 
the resonance-curve method, 


Surface-Wave Dielectrometer, Recently a di- 


electrometer employing a surface-wave tech- 


nique has been developed.2* The objectives of 
the program were to design and construct a 
laboratory instrument for measuring the ©, 
and tan 4 of solid materialsat frequencies from 
10,000 megacycles uo and over a temperature 
range of -65 to +600° C. 


The device utilizes a surface-wave transmis- 
sion line. The dielectric sample, in the form of 
a flat sheet, is placed on a flat metal surface so 
as to form the surface-wave line. This trans- 
mission line is terminated in a short circuit, 
The dielectric constant and loss tangent are de- 
termined from measurements of guide wave- 
length, standing wave ratio, and minimum posi- 
tion and width on the surface-wave line. 


A strip of the base plate upon which the sam- 
ple rests is free to move in a translatory man- 
ner along the direction of propagation of the 
surface wave, The strip contains a section of 
rectangular waveguide which has a slot cut in 
its end, The slot presses against the bottom of 
the sample where the sample rests on the base 
plate. The slot output is proportional to the 
field in the surface-wave transmission line, 


12-12, Sources of Error 


Although the major sources of error in the 
several methods described can be enumerated, 
it is difficult to estimate the overall measure- 
ment error unless a specific design is consid~ 
ered in detail. In general, accuracies of the 
order of 1 percent for the dielectric constant 
and 2 percent for the ldss tangent havebeen ob- 
tained with carefully designed equipment. A 
few of the more important sourcesof error are: 


impure Signal Source, If the signal source for 
making the dielectric measurements isnot mon- 
ochromatic, it can introduce e*rors, particular - 
ly in the measurement of the SWR. The reason 
is, of course, that each of the frequency com- 
ponents has a different voltage minimum posi- 
tion. This has the effect of increasing the width 
ofthe twice-minimum power points of the stand- 
ing-wave pattern and thus limits the measure- 
ment accuracy. 


To reduce this effect, the oscillator power 
supply should be well regulated and the oscil- 
lator itself should be isolated from all mech- 
anical vibrations. The use of a spectrum ana- 
lyzer as a signal monitor provides an excellent 
check on signal behavior during measurement, 
warning the operator when signal purity deter1- 
orates, 


Improper Isolation of the R-F Generator, The 
shorted-llne method of dielectric measurement 
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leads to high mismatches that are variable in 
phase. For this reason it is necessary to iso- 
late the generator carefully so that, in spite of 
the high and variable mismatch, the frequency 
will remain the same when the two measure- 
ments are taken with and without the sample. 
This canbe accomplished with anattenuator pad 
or by means of a ferrite isolator. The latter is 
to be preferred since it attenuates the reflected 
wave but not the forward wave, This reduces the 
Power requirements of the generator. 


Probe Loading. Another source oferror ig in- 
troduced if the pickup probe is extended too far 
into the slotted line, Since its primary effect is 
to decrease the standing wave ratio, it is a rel- 
atively simple matter tocheck for probe loading 
by measuring the width of the twice-minimum 
power points for two probe depths. If these two 
width measurements give the same results, 
probe loading is negligible; if they do not, the 
probe should be further withdrawn from the 
guide. 


Sample Fit and Homogeneity. In order to ob- 
tain accurate measurements on the dielectric, 
the sample must be homogoneous and in close 
contact with walls and with plane parallel] ends 
perpendicular to the longitudinal axis, In addi- 
tion, the ends of the sample should be slightly 
chamfered to allow proper seating of the sam- 
ple against the shorting plate. In practice, 
faulty geometry or nonhomogen¢ity accounts 
for the majority of the error in measuring di- 
electric constants of low-loss materials, 


Higher Order Modes, Even though the air- 
filled measuring line is designed to propagate 
only the dominant mode, it may be possible for 
higher order modes to exist in the dielectric- 
filled section, When this occurs, the loss-tan- 
gent measurements are likely to be in error, 
since a portion of the energy is converted to 
higher order modes. Thus the measured loss 
factor appears higher than its actual value, Ex- 
citation ofthe higher order modes can, however, 
be largely eliminated by making sure that the 
ends of the sample are perpendicular to the 
longitudinal axis of the guide. 


to take into account all of the losses in the guide 
wall, it is nevertheless important to minimize 
these losses, as it is easily seen that they de- 
stroy the inherent accuracy of the measurements, 
This is immediately apparent by considering 
the fact thatthe loss tangent depends essentially 
onthe difference of the widths of thetwo minima 
when the sample is present or removed. For 
low-loss materials this difference will be small, 
Therefore, the width for the empty guide must 





be kept small in order to obtain good accuracy. 
To obtain a low-loss measuring line, careful 
attention should be given to the surface condi- 
tion of the guide and to the design of the short- 
ing plate. In the standing-wave-ratin method 
care must be taken tnaseure that the ouidedoae 
not radiate. This effect is reduced by the use of 


a narrow slot and by arranging the probe car- 
riage in such a way as to cover the slot com- 
pletely for all probe positions. The resonant 
cavity method requires a movable piston with 
low loss independert of position in the guide, 
This is gonerahy accompiisned with a choke- 
plunger type of short circuit. 


SECTION D, THE MEASUREMENT OF RADOME TRANSMISSION, REFLECTION, 
AND PATTERN DISTORTION 


12-13. Radome Design Objectives 


A primary radome design objective is that the 
radome transmit a highpercentage of the energy 
radiated by the antenna. Reflection and absorp- 
tion of the radiated energy cun cause a trans- 
mission loss and result in anappreciable reduc- 
tion in radar range, especially since the trans- 
mission loss is experienced on both transmis- 
sion and reception. Since radar range is pro- 
portional to the fourth root of the transmitted 
power the reduced radar range isgiven by Range 
(percent of that obtainable without radome) = 


| percent one-way transmission efficiency 


As an extreme example, for very streamlined 
radomes, transmission in certain areas may 
drop as low as 50 percent. Thus, the radar 
range ona given target would be reduced to 71 
percent of that obtainable without a radome. 


A second design objective is that the radome 
reflect very little energy back into the trans- 
mitting antenna, This requirement is especially 
severe inc«w radar systems where the reflected 
signal may obscure the radar return from dis- 
tant targets. In pulse radar systems the reflec- 
tion requirementsare notas stringent; however, 
reflection of anergy back into the transmission 
line causes a standing wave in the line and 
changes the input impedance, as seen by the 
magnetrun, This impedance change, if signifi- 
cant, can result in frequency pulling of the mag- 
netron with a resuliant detertoration ofthe sys- 
tem performance, Even with automatic fre- 
quency control (AFC), magnetron pulling can be 
a serious problem, since the AFC may not be 
able to follow rapidly enough to correct for ab- 
rupt changes in radome reflections, 


A third design objective is that the radome 
shall not seriously modify the antenna radiation 
pattern, For example, if the radome causes a 
substantial increase in side lobe level it may 
allow targets to be picked up by the aide lobes 
with resultant confusion ag to their direction, 
In addition, ground and sea clutter is increased 
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by larger side lobes thus obscuring airborne 
targets. Another type of pattern distortion is 
heam bending, This can lead to serious system 
errors, particularly in tracking-, bombing-, 
and navigational-type radars, 


Since the electrical performance of a radome 
cannot, in general, be accurately predicted ona 
theoretical basis, it is necessary to make lab- 
oratory tests to determine the transmission, 
reflection, and pattern distortion caused by the 
radome. The effect of the radome on overall 
system performance can then be inferred from 
the results of these measurements, 


12-14. The Measurement of Radome Trans- 
migsion 


Radome transmission efficiency, as it is gen- 
erally defined, is the ratio of power transmitted 
by an antenna inthe presence of a radome tothe 
power that would be transmitted if the radome 
were removed, By virtue of the reciprocity 
theorem, this transmissiun isthe same whether 
the antenna be used asa receiver or transmitter. 
Therefore, the radome transmission efficiency 
is identical for transmission or reception, For 
Pencil-beamed antennas, transmission measure- 
ments are usually confined to the maximum of 
the radiated pattern, However, for cosecant~- 
squared or other shaped-beam antennas, it is 
frequently desirable to make measurements at 
a number of pointa in the elevation pattern, 


Radometransmission measurements are made 
by electrically aligning a transmitter anda re- 
celving antenna and noting the difference in 
power putput when the radome is placed over 
the receiving antenna, The relative motion be- 
tween the radome and antenna during acanning 
is simulated by rotating the radome about the 
gimbal axis of the fixed antenna, Figure 12-13 
shows a typical arrangement of equipment for 
making automatic tranamission measurements, 
The transmitter, fed by a square-wave modu- 
lated klystron, sends an essentially plane wave 
toward the radome housing the receiving an- 
tenna. This wave passes through the radome 


a Baal = 


and is picked up by the receiving antenna, The 
Output of the antenna is detected by an accurate 
square-law device, auch as a bolometer, and is 
then fed to an amnlifier tuned ta the modulation 
frequency. The amplifier output actuates a lin- 
ear recorder whose paper drive ig linked elec- 
trically or mechanically to the rotation of the 
radome about the antenna gimbal axis. The re- 
corded output ig then directly proportional to 
the power at the receiver, The test procedure 
is to establish first a reference by taking a 
measurement with the antenna uncovered, The 
radome is then put in place and rotated through 
the desired gimbal angle and the output is re- 
corded, Finally, a measurement is made again 
with the antenna uncovered to assure that noth- 
ing has changed during the measurements, 


The laboratory measurements should simulate 
as closely as possible the actual installation in 
the aircraft, The radar system antenna should 
be used where possible, and its location should 
correspond to that in the aircraft installation. 
Gimbaling and polarization should be accurately 
simulated, The transmission should also be ex- 
amined with the antenna slightly displaced from 
the gimbal axis to be sure that the transmission 
does not fluctuate seriously within the placement 
tolerances of the antenna. The measurements 
shouldalways be carried outin a reflection-free 
area, A room lined with microwave absorber 
is quite convenient for measurements on small 












aperture antennas, whereas in outdoor site is 
Generally used for larger antennas, 


TRE Spacing beiWeen ine iransmitting and re- 
ceiving antennais dictated by the size of the an- 
tenna and the wavelength, According to theory, 
the wavefront falllng un the receiving antenna 
aperture must be a plane wave, Since the wave- 
front is usually approximately spherical, this 
condition will be gatisfied exactly only in the 
limiting case of infinite spacing. However, 
the phase errors across the aperture will not 
exgeed 7/8 radians provided a spacing of d. 
2D°/. g 1g chosen, Here D is the major antenna 
aperture dimension, and 49 is the free space 
wavelength. For such small phase variations 
from a plane wave the changes in antenna radi- 
ation patterns are very slight. The general ef- 
fect of quadratic phage errors of this type is to 
produce an apparent decrease in antenna gain 
and an increase in the minimum, but very little 
change of the maximum or of the side lobe 
structure.28 The separation 2D2/.,, alsoas- 
sures an essentially uniform intenaity distribu- 
tion over the aperture and negligible interaction 
between the two antennas. 


Ifthe radar system antenna isnot available, an 
antenna of approximately the same dimensions 
canbe used for the transmission measurements. 
This antenna should be positioned within the 
radome in such a way as to simulate the ray 
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Figure 12-13, Apporatus for Redome Tronamission Tests 
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geometry of the radar antenna for various scan 
positions. The substitute antenna should be 
chosen to produce minimum interaction with the 
radome. While these measurements aro useful 
for a qualitative evaluation of the radome, it 
should be recognized that accurate quantitative 
MCasurémems svlaied io system periormance 
canbe made only with the radar system antenna, 


12-15. The Measurement of Radome Reflection 

Radome reflection is defined asthe percentage 
of transmitted energy that is reflected back from 
the radome intothe antenna feed line. The effect 
of this reflected wave is to set up a standing 
wave onthe transmission line, thus changing the 
antenna input impedance as seen by the trans- 
mitter. To measure radome reflection, the un- 
covered antenna is first carefully matched to 
free space with a tuning screw or other match- 
ing device. The radomeisthen placed over the 
antenna and the reflection coefficient of the an- 
tonna feed is determined by using a slotted sec- 
tion of transmission line and measuring the 


‘ SWR, ‘From this measurement the radome re- 


flection is given by 


g-1/? (12-83) 


p s 
| $+1 





where » is the amplitude ratio of the reflected 
voltage wave to the transmitted wave and S is 
the standing wave ratio. The phase of the re- 
flected wave can also be determined by noting 
the position of the voltage null in the standing 
wave pattern, An alternate method for meas- 
uring radome reflection is by directly sampling 
the incident and reflected waves and obtaining 
their ratlo, This method provides information 
on the magnitude of the reflection but does not 
readily provide phase information as does the 
slotted line, unless the complexity of the equip- 
ment is increased by including a system to com- 
pare the phase of the sampled incident and re- 
flected waves. 


In actual practice the antenna is rarely per- 
fectly matched to free space, so that the re- 
flected wave in the antenna feed line is made up 
of (1) the antenna reflection and (2) the radome 
reflection, The manner in which thetwo signils 
add is, of course, dependent upon the phase re- 
lations between them. The worst case occurs 
when the two reflections are in phase ao that 
their intensities add, The moat favorable situ- 
ation occurs when the two reflected signals are 
180° out of phase and the intensities subtract. 
Therefore, to evaluate system performance, re- 
flection measurements should also be made with 
the radome in place, but with all auxiliary match- 


498 


ing devices remuved from the antenna; ij.e., with 
the antenna as it would be under normal opera- 
ting conditions. Once the antenna feed line re- 
flections have been established, an estimate of 
magnetron pull ig can be made by a study of its 
Rieke diagram. 


Radome reflections are most serious when the 
incident transmitted wav2 is nearly normal to 
the radome, such as in a hemisphere. In this 
case a large percentage of the energy reflected 
from the radome wall is focused back into the 
transmitting antenna, However, for more 
streamlined shapes, the energy is randomly re- 
flected and only avery small portionis directed 
back so as to cause a mismatch In the radiating 
system, 


Figure 12-14 shows ablock diagram of typical 
equipment for measuring radome reflection us- 
ing the glotted-line technique, The radome is 
Placed over the radar system antenna in such a 
way as to simulate various positions of the an- 
tenna during a scanning operation, Precautions 
should be taken to assure that the reflections 
from walls and other nearby objects do not af- 
fect the SWR or the voltage minimum position, 
This problem is generally avoided by making 
the measurements in a microwave absorbing 
room or by directing the antenna toward anopen 
space, To check the adequacy of the site, the 
radome antenna should be tnoved to several po- 
aitions and the SWR. and minimum position noted, 
If no change occurs, the site may be considered 
gatisfactory. Other possible sources of meas- 
urement errors® arise from (1) probe loading, 
(2) improper calibration of the detector, (3) in- 
sufficient isolation of the signal generator, and 
(4) impure signal source, However, proper op- 
erating techniques will eliminate or minimize 
all of these sources of errors, 


Figur. 12-15 gives the reflectometer method 
for measuring radome reflections. Here direc- 
tional couplers are used to sample the magni- 
tude of the incident and the reflected wave, The 
detected outputs from the couplers feed separate 
amplifiers and output meters, The system is 
calibrated by employing a short circuit in place 
of the antenna to establish unity reflection. The 
amplifier gains are then adjusted to read equal 
outputs. The short is next replaced by the an- 
tenna, andthe radome ts placed in position. The 
two output meter indications are then directly 
proportional tothe incident and reflected waves, 
and the reflection coefficient is obtained by tak- 
ing thelr ratio, The entire operation can be 
performed witha new commercial instrument 
called a ratio meter, which automatically com- 
bines forward and reverse signals and displays 
their ratio directly. 
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Figure 12:14, Reflection Measurements by the Slotted-Line Methad 


In principle the reflectometer ia superior to 
the slotted line for measuring small reflections, 
because it measures the ratio of two quantities 
of dissimilar magnitude (l.e., reflected voltage/ 
incident voltage). The slotted line, on the other 
hand, for small reflections measures tha ratio 
of two quantities of gimilar magnituds (i.e. ,[in- 
cident voltage + reflected voltage j /[ incident 
voltage - reflected voltage]), Possible errors 
in the reflectometer system, however (e.g., 
Limited directivities of the couplers and inac- 
curacies in the response lawa of the detectors), 
require a calibration procedure to achieve an 
overall accuracy comparable to that of precision 
Slotted lines. Typical figures of error in reflec- 
tion coefficients obtained with a reflectometer 
using a ratio meter are #0,02 for |o|= 0.1 and 
#0.04 for] ¢|= 0.4. Greater accuracies may be 
obtained at lower reflection coefficients and/or 
with single-frequency operation. 


12-16. The Measurement of Radome Pattern 
Distortion 


In evaluating radar system performance, an- 
tenna patterns provide probably more useful 
data than any other type of measurement on the 


radiating system. If taken with the ald of a 
mockup of the actual aircraft installation, the 
effects of the surrounding structure as well as 
the radome can be evaluated. By careful exam- 
ination of the radiation patterng it is frequently 
possible to correlate the beam distortion with 
certain radome areas or structural members. 
Once the interfering surface has been identified, 
it can usually be corrected. 


A block diagram of the basic equipment for 
making antenna pattern meagurements*™9! ig 
given in Figure 12-16. The radar system an- 
tenna, which is used for receiving, is placed in 
the radome at the correct gimbal position. The 
transmitting antenna, locatedadistanced > 2D¢/ 
Yq, illuminates the receiving antenna with a 
wave that is essentially plane. The radiation 
pattern is obtained by recording the power at 
the receiving antennaas a function of its angular 
rotation with respect toa line of sight between 
the transmitter and receiver. Radome distor- 
tion isdetermined by making separate radiation 
patterns with and without the radome for a num- 
ber of representative positions of the radome 
with respect to the antenna. 
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Figure 12-15. Reflectomater Method for Radome Reflection Teste 
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Figuve 32-16. Typical Pattern Measurement Equipment 
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For convenience of measurements, the mount 
on which the antenna aud fadume io placed 
should provide both azimuth and elevation mo- 
tion. These motions in turn are gervolinked to 
the recorder so that the paper passes beneath 
the pen insynchronism withthe antenna rotation, 
Figure 12-17 shows 4 photograph of an antenna 
mount of this general type, which is currently 
in use at the Naval Air Development Center, 
Johnsville, Pa, 


The simplest recorder for pattern measure~ 
ments is merely a recording voltmeter attached 
to the output of the tuned amplifier. Since the 
bolometer detector is square law the output of 
the recorder is directly proportional to the an- 
tenna power pattern. While a linear power plot 
is quite satisfactory for recording the patterns 
of low gain antennas, it is unsatisfactory for 
determining the side lobe structure of high gain 
antennas, since it will, in general, be 20-40 db 
below the level of the main beam. Therefore, 
when maximum dynamic range is required, a 
logarithmic recorder should be used. Ainong 
the types of recorders that have been used for 
logarithmic plotting?2 are (1) a recording volt- 
meter driven by a logarithmic amplifier; (2) a 
motor-driven logarithmic potentiometer actu- 
ated by a servoamplificr so as to balance vut 


the input from a square-law detector; and (3) a 
servomotor, which adjusts a heyond-cutoff at- 
tenuator so as to maintain a constant r-f output. 
Of the three, the logarithmic amplifier is the 
least reliable, since its characteristics are dif- 
ficult to maintain with tube aging. With any of 
the above systems the antenna and the paper 
drives should be synchronized electrically either 
by selsyns or synchronous motors. The former 
method is usually preferred because the antenna 
rotation and paper location are permanently tied 
together. Good tracking accuracy is maintained 
by reduction gearing of the selsyns. 


The measurement accuracy of antenna radia- 
tion patterns, especially in the side lobe strux- 
ture, is determined primarily by the measuring 
site. In theory the requirements of the site are 
quite simple: (1) The distant transmitter must 
produce an incident wave at the receiving an- 
tenna, which is essentially plane (constant phase 
and amplitude) across its aperture, and (2) the 
field strength of the transmitted wave must be 
of sufficient amplitude to allow accurate pattern 
measurement. In practice the former condition 
is met only within certain tolerances, since fi- 
nite spacing and reflections cause deviations 
from an ideal plane-wave front. Phase and am- 
plitude variations across the aperture due to 
finite spacing canbe largely eliminated by choos- 





Figure 12-17, Antense Test Mount (By perwisnien of tha U.S. Navy) 


ng an antenna separation equal or greater than 
2D4/, 0° However, spurious reflections, espec- 
lally from the ground, can interfere withthe di- 
rect signal to produce significant variations of 
the incident field ofthe receiver. Several meath- 
ods are available for controlling ground reflec- 
tions. The moat obvious isto place the antennas 
on towers or at the edge of bulldings Ligh above 


the ground. Another method is to absorb or ° 


break up the reflection from the ground with a 
screen of microwave absorber or a wire fence 
perpendicular to the direction of propagation. 
As an added precaution, whenever possible, pat- 
terns should be taken in azimuth to minimize 
ground reflections, In addition toground reflec- 
tions, care should be taken to eliminate other 
reflections, especially from large objects such 
ag buildings. 


The adequacy of the site must usually be es- 
tablished by experimentai testing. The meac-~ 
urements can be in the form of an experimentai 
study on and antenna having a standard pattern, or 
phase andamplitude measurements canbe taken 
to establish the adequacy of the plane-wave front, 
Amplitude measurements are made by moving a 
pickup probe over the region of interest and 
noting the uniformity of the field. Phase meas- 
urements are made by comparing the output 
from the movable pickup probe witha reference 
signal obtained from a stationary probe. 


The required level of transmitter power de- 
pends on the gains of the two antennas, the an- 


tenna spacing, the receiver senaitivity, and the 
wavelength, If the side lobe structure is to be 
studied, sufficient transmitter power must be 
provided so that. In general, the maximum of 
the beam will be 80-40 db out of the noise. The 
most common types of power sources are (1) 
reflex klystrons, (2) two-cavity klystrons, and 
(3) magnetrons, In general, the reflex klystron 
ts most convenient to use; however, its power 
output is somewhat limited. Therefore, in cer- 
tain secondary pattern measurements, involving 
large antennas and long tranamission paths, a 
two-cavity kKlystron or magnetron is to be pre- 
ferred. 


In considering the sensitivity of microwave 
measurement setups one should not overlook 
the fact that it is often possible to improve the 
signal-to-noise ratio 30 db or more by a suit- 
able choice of detector, whereas an equivalent 
improvement ‘by a generator-power increase 
would be impractical, The nonlinear element 
followed by a narrowband amplifier is oneof the 
least gensitive detector systems. Above it in 
sensitivity stand well-designed ordinary super- 
heterodyne receivers, and stillfurther improve- 
ments are obtained witha superheterodyne sys- 
tem using (1) a rotating-guide phase shifler?3 
(-185 dbw) or (2) synchronous detection (-140 
dow). These sensitivities are nominal values 
obtainable at K band and compare with -130 dbw 
for ordinary superheterodynes, -100 dbw for 
1N26 crystal with 4 cycles per second band- 
width audio amplifier, and -90 dbw for a type 
614 bolometer with a similar audio amplifier, 


SECTION E, THE MEASUREMENT OF BORESIGHT ERRORS 


12-17. Errors Caused by Radomes 


As discussed in Chapter 2, the puxpose of a 
tracking radar is to provide angular and angu- 
lar rate information for gun laying, missile 
guidance, and other applications where preci- 
sion directional information is required. In 
genoral, these systems derive error signals by 
comparing the radar return with some type of 
reference signal. This error signal is then used 
to actuate a servosystem that repositions the 
antenna to reduce the error signal to zero. 
Among the radars now being used for such pre- 
cision tracking are (1) conical scanning and (2) 
monopulse systems, 


In general, the presence of the radome causes 
an angular displacement of the antenna pattern, 
thus producing a boresight error inthe angular- 
position measurement, Similarly, a changing 
boresight error with changing antenna heading 
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results in erroneous information on change in 
target heading, This false information, fed to a 
computer of a gun-laying system, can result in 
appreciable system errar and can lead to pos- 
sible system instability. 


In missile-guidance systems designed for pro- 
portional navigation, an error in angular-bear- 
ing rate can have serious effects on missile 
performance. Large values of error rates lead 
to intolerable miss distances and, if very large, 
can result in missile instability, This intro- 
duces a requirement that the radome produce 
minimum distortion on the radome pattern. 


Since system performance iscritically depen- 
dent on boresight error and error rate, it is 
important that precise reasurements be made 
on the radome to determine angular errors 
prior to its actual use ina system. Boresight 
measurements are made by electricaily aligning 





a transmitting conical-scan or monopulse an- 
tenna with a receiver and noting the variation 
in the position of the null when the radome ts 
piaced over the antenna and rotated in azimuth 
to simulate the relative motion between the an- 
tenna and radome. Since pointing accuracies of 


a few hundredtha of a degree are generally re- 
quired, it is very difficult in practice to make 
these measurementa by a direct angular dis- 
placement of the antenna. However, the prob- 
lem is easily overcome by fixing the angular 
position of the transmitting antenna and using 
the receiver to search for a null in a plane 
transverse to the direction of propagation. The 
boresight error can he determined easily from 
a knowledge of the antenna separation and a 
measurement of the linear displacement of the 
nuli from its no-rudome position. Ideally, of 
course, the receiving antenna should be moved 
on the surface of a sphere having its ceuter at 
the phase center of the transmitting antenna, 
However, the error encountered in moving the 
receiving antenna along a plane surface is en- 
tiroly negligible for the distances and errors 
normally involved, For the sake of convenience, 
at times it may be desirable to interchange the 
receiver andtransmitter. This is quite permis- 
sible since the measurements obey the laws of 
reciprocity. 


The boresight error is usually measured in 
terms of two components, one parallel to the 
antenna offset plane and the other perpendicular 
to it. This offset plane is defined by the plane 
of relative motion between the antenna and 
radome. The total boresight error A is, there- 
fore, the vector sum of the in-plane component 
44 and the crosstalk component 4,. Thus, 


=/ 2 2 _ 
A Ay +4, (12-84) 


Generally the boresight error rate is not meas- 
ured directly but is obtained from plots of in- 
plane and crosstalk errors versus antenna off- 
set, The rate of change of error is determined 
from the slope of the curves. 


12-18, Boresight Measurement Equipment for 
Conical Scan Antennae 


A conical scanning radar system usually in- 
corporates a mechanically scanning parabolic 
antenna radiating a pencil hoam, The antenna 
rotates continuously about ita mechanical axis 
and is slightly tilted with respect to this axis, 
sothat the center of the rotatingbeam describes 
acone inspace, A target falling within the beam 
will produce an echo, which is amplitude modu- 
lated at the scan rate due to the rotation of the 
antenna. If the target falls on the spin axis the 
modulation will disappear, In the radar system 


this amplitude-mcdulated signal is compared 
against gine and cosine reference voltages 
from the scan motor to derive azimuth and ele- 
vationerror signals for actuating a servosystem 
that repositions the antenna to reduce the error 
signal to zero. 


Figure 12-18 shows a typical arrangement of 
equipment34 for making radome boresight 
error measurements on a conical scan antenna, 
Here the scanning: at.tenna housed in the radome 
is used as a receiver, and its output is detected 
with a crystal, Tne scanning antenna is fixed in 
position, anda gimbal arrangement is provided 
to orient the radame about the gimbal axis of 
the antenna. A transmitting antenna that can be 
manually positioned in a plane normal to the 
scan axis ig used to determine the null position, 
For a conical scan system this corresponds to 
the position in the transverse plane where the 
fundamental frequency of the scanning modula- 
tion digappears, This signal is detected by ob- 
serving the output of the error amplifier which 
is tuned to the scanning frequency. 


In-plane and crosstalk-plane components of 
the boresight error are obtained by comparing 
the location of the null with the radome present 
to its position without the radome. Boresight 
measurements for other gimbal positions and 
polarizations are continued on a point-by-point 
basis until the entire area of interest in the 
radome has been explored. Rate of change of 
the boresight error may be computed from the 
plotted test data if required, 


One of the principal considerations in testing 
the radome is to simwate correctly the polari- 
zationand gimbal positions of the antenna. While 
it is certainly desirable to have both azimuth 
andelevation gimbalsfor positioning the radome 
about the antenna, a single azimuthal gimbal is 
generally sufficient provided a means is avail- 
able for changing the polarization, ‘Thus, by 
measuring a series of horizontal cuts through 
the radome for various orientations of polariza- 
tion, it ia possible, at least in theory, to re- 
construct any desired gimbal cut through the 
radome. Generally measurements of greatest 
interest are horizontal radome cuts with the 
polarization (1) perpendicular, (2) parallel, and 
(3) 45° to the plane of offset, By the previous 
definition, errors in the horizontal plane are 
then designated as in-plane components, whereas 
errors in the vertical plane as the crosstalk 
components, 


Special attention should be giver to the elim- 
ination of spurious reflections that may destroy 
the basic accuracy ofthe measurements. Bore- 
sight measurements on small radomes are best 
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Figure 12-18, Typical Boresight Measurement Equipment for @ Conicol Scanning Antenne 


carried out in a microwave absorbing room to 
eliminate reflections from nearby objects. 
However, for large antennas size and cost may 
make such a room impractical, and in these 
cases the measurements can best be carried out 
in an outdoor site. Particular consideration 
should be given to the design of the radome 
mount to assure that it simulates the actual an- 
tenna-radome installation correctly. A useful 
precaution against reflections is to cover all 
surfaces of the mount with a microwave absor- 
bing material. Obviously the beam shift dueto 
motion of the gimbals alone (no radome present) 
must be made small in comparison to the beam 
shift introduced by the radome being tested, 


12-19, Automatic Boresight | Measurement 
Equipment 


Measure ment of doresight error on a point-by- 
pointbasis is obviously very laborious and time 
consuming. For this reason automatic equip- 
ment for carrying out these measurements is 
considered essential in research and develop- 
ment programs and for production testing. 
Apparatus for making automatic measurements 
is similar to that described above, except that 
a servosystem is used to position the horn into 
the null of the conically scanning antenna auto- 
matically. This null position is then recorded 
as the radome moves about the gimbal axis of 
the antenna. 


Figure 12-19 shows a typical arrangement of 
equipment35, 36 for making automatic boresight 
measurements. Electromagnetic energy is 
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received by a conically scanning antenna through 
a radome that is swept in a horizontal planc 
about the antenna gimbal axis. This impinging 
energy is tranamitted by a horn antenna that is 
servopositioned ina plane normal to the antenna 
scan axis, If the horn is not in the null position, 
a modulation at the fundamental of the scanning 
frequency will appear in the detected antenna 
signal. Phase comparison of the error signal 
with sine and cosine reference voltages from 
the conically scanning antenna yields horizontal 
and vertical signals, which actuate the servo- 
system to reposition the receiving horn into the 
null. As the radome is moved about the dish, 
the receiving horn is continually nulled and its 
horizontal and vertical position is automatically 
recorded in synchronism with the radome mo- 
tion. For small angles linear motion of the 
horn is directly proportional to angular dis- 
placement, so the recorder may be calibrated 
directly interms of angular in-plane and cross- 
talk error. 


Since it is desirable to be able to change po- 
larization, provisions must be made to rotate 
the entire antenna assembly about its axis. 
Usually this can be accomplished rather simply; 
however, it should be recognized that rotating 
the antenna also rotates the phase of the refer- 
ence signal with respect to the horizontal and 
verticai motion to which the horn is restricted. 
Therefore, it is necessary to add a variable 
phase shifter in the reference channel so that 
the reference signal can always be returned to 
the horizontal and vertical planes. A convenient 
way of doing this is to feed the sine and cosine 
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Figure 12-19. Avtometic Boresight Measurement Equipment 


reference signals to the two stator windings of 
a resolver, The outputs from the two rotor 
windings then are quadrature signals displaced 
in phase from the input signals by an angle 
equal to the angular displacement of the rotor. 
Thia, then, provides a simple method for ad- 
justing the reference phage to correspond to the 
horizontal and vertical motion of the horn, 


The performance ofthe servosystem obviously 
depends to a large extent on the signal-to-noise 
ratio of the error signal, Since all of the useful 
error information is contained at the scan fre- 
quency, it is desirable to employ a band-pass 
filter at thia [requency, thus eliminating all 
other unwanted frequencies. However, if nar- 
row-band filtering is used, it is essential to 
maintain a constant scan frequency to avoid 
phase andamplitude changes at the output of the 
filter. For this reason, sometimes it is de- 
sirable to add an auxiliary servosystem to con- 
trol the motor speed. Such a device is quite 
simple, usually consisting of a frequency dis- 


criminator with magnetic-amplifier feedback to 
control the motor-driving voltage, 


12-20, Boresight Measurements on Monopulse 
Systems 


Monopulse is a name given to a general class 
of tracking radar systems that do not use mech- 
anical scanning antennas.! Included in this 
category are (1) phase-comparison systems, 
(2) amplitude-comparison systems, and (3) 
phase-amplitude systems, 


The phase-comparison system determines the 
direction of the target by comparing the phase 
of the radar return picked up by four antennas 
spaced several wavelengthsapart, Figure 12-20 
gives a functional binck diagram of sucha sys- 
tem. The four horns are interconnected with 
four hybrid junctions which allow separate trans- 
mission and reception channels, The sum 
channel, used for transmission, feeds all four 
horns in phase, thus producing a pencil-~beam 





pattern along the axis of the four-horn array. 
The clevation channel, on reception, combines 
the signal from the two top horna 180° out of 
phase withthe signal from the two bottom horns. 
Thus a sharp null exists along the antenna hori- 
zontal axis in the elevation reception pattern. 
Similarly, azimuth error is obtained from an 
output that combines out-of-phase signals from 
the right and left horns to produce a null along 
the antenna vertical axis. The voltage received 
inthe sum channel ia used asa reference against 
which the azimuth and elevation signals are 
compared in phase to derive an error signal 
for actuating the antenna servos. 


The amplitude-comparison system determines 
target direction by comparing the amplitude of 
the radar return picked up by four antennas lo- 
cated essentially at a point and pointed so that 
their beams diverge. The microwave plumbing 
la essentially the same as that of the phase- 
comparigon aystem. Elevation information is 
obtained by comparing the difference in ampli- 
tude between the top and bottom antennas, while 
azimuth information ite obtained from a left- 
right comparison. Again the sum signal is used 
as a reference for establishing error signals 
for servo actuation, 
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magnetron 





four horn array 






elevation 


The phase-amplitude system determines target 
direction by using amplitude information in one 
plane and phase information in the other. The 
system uses two antennas with the beama ori- 
ented ao that they converge in azimuth and 
diverge in elevation. Azimuth information is 
obtained by comparing the -phase of the two 
antennas, whereas elevation information is ob- 
tained from un amplitude comparigon. 


The arrangement of equipment for making 
point-by-point radome-boresight-error meas- 
urements with a monopulse antenna is given in 
Figure 12-21, Ag in the case of the conical- 
acan antenna, boresight error is measured by a 
displacement of the null pouition in a plane nor- 
mal to the Line of sight between the two antennas. 
Separate error signal channels are required 
when using a phase-comparigonor anamplitude- 
comparison monopulse antenna. To obtain the 
correct null both channels mustbe nulled simul- 
taneously, For the phase-amplitude system, 
only one such error channel is required. Note 
that the error signals obtained by this method 
are unsatisfactory for servo operation since 
they provide no directional senge information, 


Automatic radome-boresight measurements 
are made most conveniently on a monopulse 
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Figure 12.20, Functional Diagram of a Four-Horn Phase-Comperisan System 
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Figure 12-21, Baresight Teat Equipment for use with a Mcnopulse Antenna 


system by utilizing the actual radar system criminators, the need for the radar thus being 
operating as a receiver. Azimuth and elevation eliminated. However, to accomplish thia it is 
error signals frum the phase discriminators necessary, in general, to make rather extensive 
are then directly available for artuating a servo- modifications to the microwave plumbing. These 
system, which positions the transmitting horn modifications may therefore cast some doubt 
into the null of the monopulse antenna, In on the validity of the final measurements, For 
principle, of course, these same error signals thig reason the preferred method is to use the 
can be obtained from microwave phase dis- actual radar receiving channels. 


SECTION F, PHASE AND AMPLITUDE MEASUREMENTS IN THE NEAR FIELD 





The measurement of the intensity and phase 12-21. Equipment for Near-Zone Measurements 
distribution in the immediate vicinity of a paar aoa gon 
radome that contains a radiating antenna ts of A block diagram of equipment suitable for 
interest in studying the causes of beresight making near-zone phase and amplitude meas- 
error and for checking certain design criteria. urements39,40 ig given in Figure 12-22, The 


By comparing the measurements with those 
made on the' antenna alone, the effects of the 
radome may be detected and correlated with the 


klystron output, after suitable isvlation, is fed 
to the antenna radome under test. In addition, 
a power-divider provides a reference signal, 


far- zone pattern and the boresight error. It is which branches off to a calibrated phase shifter 
Generally most convenient to take these ampli- and thence to the H-plane arm of a magic T. 
tude and phase measurements along a plane The near-field energy radiatedfrom the antenna 
perpendicular to the axis at the antenna, al- ig received by a small pickup probe and fed to 
though certain investigators’~ have made these the E-plane arm of the magic T. Theee signals 
measurements along the outer surface of the are then detected with a maiched crystal or 
radome. However, correlation of the radiation bolometer inthe third arm of the magic T. The 
pattern with the near-zone field can be most output of the detector is then indicated on a 
easily accomplished when the measurements voltmeter connectedto an amplifier tuned to the 
are in a plane. In this case, a first order ap- modulating frequency of the klystron. The 
proximation to the boresight error is given measurement procedure is to place the pickup 
siniply by the linear term of phase variation probe at the desired near-field position, and 
caused by the radome. the calibrated phase shifter is adjusted until 
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Figure 12-22, Equipment for Near-Field Phase and Amplitude Measurements 


the voltmeter indicates a minimum value, At 
this point the two signals are 180° out of phase. 
Since only relative phase across the aperture 
is of interest, this first measurement may be 
laken as a reference, and the relative phase for 
the subsequent positions of the probe is given 
by the difference in phase shifter positions 
referred to the first reading. 


To obtain a well-defined null at the detector, 
it is important that the measured signal and 
reference be approximately equal in amplitude. 
However, since the power from the probe varies 
with apertu.e position, it is not always possible 
tu keep the levels the same. Although, in prin- 
ciple, the power level of the probe or reference 
may be changed during the phase measurements 
by meana ofa variableattenuator, it is generally 
unadvisable tn do so because of the probability 
of a phase changein the attenuator. The recom- 
mended procedure is to set the power level of 
the reference signal to the average power level 
obtained from the pickup probe as it moves 
acrosu the aperture. Such a procedure will, of 
course, result in a broad null al points where 
‘ie probe signal differs from thig average. This 
difficulty may be overcome by using a balince.. 
detector system, as discussed tn Chapter 12, 


or as discussed below in a slightly different 
form for automatic near-field measurements. 


Reflections from nearby objects, can, of course, 
cause errors in measurements, and, for this 
reason, it is desirable tomake all measurements 
in a room covered with microwave absorber. 
To obtain the near~zone amplitude distribution 
the reference signal to the magic T is removed 
and the output of the tuned amplifier is then 
directly proportional to the square of the field 
intensity, 


There are several requirements that the pickup 
probe must satisfy to obtain accurate near-field 
phase and amplitude measurements: 


1. The probe must be small enough to meag- 
ure the fleld essentially ata point. If this con- 
dition is not met, the probe will have an inte- 
grating effect and all rapid fletd variations will 
be averaged out in the measurements. 


2. The probe, its supporting structure, and 
any asgociated cables or waveguide must not 
disturb the field to a degree that the accuracy 
of the measurements will be destroyed. 





RG SP /U 


RG 96/0 Mycalex ! 
“N[woveguide _ flange 


ek [" FILS 






oi" | 
E Y en winboss 3 be 
A SESE Y_ 
AE Ma omer -2 - 
microwave 
uobsorber 


Figura 12-23, X-Band Pickup Probe 


3, The polarization must be correct. 


4, The probe must have sufficient gain to 
providea signallarge enoughfor accurate meas- 
urements, 


Richmondand Tice*? have investigated the de- 
sign of near-field pickup probes and have come 
up with the rather simple dielectric-loaded 
probe shown in Figure 12-23, This probe hag 
been rather extensively tested and proved satis- 
factcry for measurements inthe X-band region. 


Many of the instrumentation problems of these 
near-field measurements are identical to thase 
encountered in the electrical thickness gages 
discussed in Chapter 11, The interferometer 
type thickness gage !s essentially the same de- 
vice as the proking system of Figure 12-22, 


12-22, Discussion of Calibrated Phase Shifters 


Inthe measurement procedure describedabove, 
the calibrated phase shifteris usedas a standard 
against which the unknown phase is compared, 
Naturally, the accuracy of the measurements is 
directly related to the calibration of the phase 
shift, ft ig, therefore, extremely important that 
this calibration be accurately known, For this 
reason it is desirable to choose a phase shifter 
in which the phase change is linearly related to 
displacement or rotation, Several such devices 
are discussed below: 


Slotted-Line Phase Shifter, One of the simp- 
lest and best known phase shifters is obtained 
by feeding the r-f reference into a tunable 
sliding probe of a slotted-waveguide section 
terminated atone end in a matched load ( Figure 
12-24). The phase shifted signal is then ob- 
tained fromthe other endof the guide, the phrse 
shift being directly proportional to the position 
uf the probe along the line, The shift af posi- 
on of this slotted section probe through one 


guide wave length corresponds to a phase shift 
of 360°. Thus, 
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No + 36002 (12-85) 
g 
where Avis the relative phage shift, «, is the 


wave-length in the guide, and d is the di8place- 
ment of the slotted-line probe with respect to 
an arbitrary reference, 


To assure good linearity, the probe must be 
loosely coupled to the slotted line and the load 
terminating the line must be a good match, For 
+1° phase lincarity in the slotted section, the 
voltage-standing-wave ratio of the termination 
should not exceed 1.03, 


very simple and accurate phase shifter can be 
constructed from a directional coupler ind a 
movable shorting piston in an arrangement like 
that shown in Figure 12-25. The reference 
signal is fed into the branch arm 3 of the direc- 
tional coupler. The majority of this energy is 
absorbed in the matched load terrainating the 
branch arm; however, a fraction of the energy 
(determined by the coupling factor) couples into 
the main guide in a backward direction, A 
shorting piston in arm 1 intercepts this back~ 
ward-traveling wave and reflecta it forward* 
into arm 2, It is evident that the relative phase 
at the output of arm 2 is directly proportional 
to the position of the movable shorting piston. 
Since the energy travels from the coupling slot 
to the piston and back to arm 2 it is evident that 
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Figure 12-24, Slotted-Line Phase Shifter 


+ It ig apparent that a small fraction of thts 
energy id reflected back to arm 3, However, 
this signal ls down by the square of the coupling 
factor and is therefore negligible for coupling 
coefficients of approximately -20 db. 


moving the piston through half a guide wavelength 
shifts the phase by 360°. Thus, 


4 @ = 360° a (12-86) 


where A¢ ig the relative phase and d is the 
dispiacemeni uf the shorting pision wiih respect 
to an arbitrary reference, 


The accuracy of this type of phace shifter is 
directly related to the directivity of the coupler. 
For +1° phage linearity the directivity should 
be 30 db or greater. In addition, coupling co- 
efficients of -20db or smaller should be chosen 
in order to reduce the reflections into arm 3. 
However, larger coupling coefficients may be 
used provided a ferrite isolator is used in the 
reference ari; These requirementy on the 
directional coupler are not unusually severe 
and are met by several commercially available 
units. 


Rotary Phase Shifter. A 180° differential 
phase shifter (half-wave plate) haa the useful 
property that if it 1a placed in an incident field 
of fixed linear polarization and rotated through 


“anangle ¢ it will cause a rotation of the emergent 


polarization equal to twice ¢. When this fact is 
applied to both components of a circularly po- 
larized wave, it becomes apparent that the 
emergent wave will be circularly polarized in 
the opposite senge withthe instantaneous orien- 
tation of the polarization rotated through twice 
the rotational angle of the half-wave plate. Since 
with circular polarization a change in instan- 
taneous polarization corresponds to a phase 
shift, rotation of the half-wave plate provides a 
convenient technique for shifting the phase. 


4 phase changer, based on the above principle, 


and having a phase shift equal to twice the 
angular rotation can be constructed from two 
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Figure 12:25. Mevable Piston Phase Shifter 
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quarter-wave plutes and one half-wave plate 
assembled in tandem in the arrangement shown 
in Figure 12-26. The input section consists of 
a rectangular-to-circular waveguide (TE,) 
mode) transition. 


The first quarter-wave plate converts the in- 
cident iineariy poiarized wave into a circuiariy 
polarized wave, Next, the wave passes through 
a half-wave plate mounted !n a bearing so it is 
free, to rotate about its axis, A rotation of the 
180° differential section through an angle « 
rotates the instantaneous orientation of the po- 
larization through twice 6 thereby shifting the 
phase ofthe emergent circularly polarized wave 
by twice. The second quarter-wave plate re- 
converts the circular polarization back to a 
linearly polarized wave, 


An X-bandphase shifter based on this principle 
is now commercially available through the 
Hewlitt- Packard Company*” and is convenient 
for phase measurements. <Accuracies of +2° 
are quoted by the manufacturer. 


12-23, Automatic Near-Field Measurement 
Equipment 


In practice, point-by-point near-field radome 
investigations become quite laborious, since it 
is necessary to make numerous phase and am- 
plitude measurements over the radome-antenna 
aperture. For this reason it is quite desirable 
to be able to make these measurements auto- 
mia}iga |} ay ad Apparatus for accomplishing this 
task 44 6is basically the same as that dis- 
cussed above, except for the fact that a servo- 
system is used to drive the phase shifter into 
the null position, The probe is programmed to 
explore the field, and, as-it does so, the phase- 
shifter positlon and the field intensity are 
recorded, 


The magic T, phase-comparison circuit of the 
type described above is unsatisfactory for servo 
control since it provides no directional sense 
information. That is, phase errors on either 
side of the null provide an error signal of the 
same polarity. For servoapplication a dynamic 
phase comparator, or phase discriminator, is 
required. With a phase discriminator the error 
signal changes polarity as the phase goes through 
the null position, This then provides the desired 
control voltage for sgeyvo operation. Figure 
12-27 shows acoherent phase discriminator that 
uses a matched pair of cryatals in the two coli- 
near arms ofa magic T. The test signal that is 
fed tothe E-plane arm is assumed tobe square-~- 
wave modulated, The reference signal is un- 
modulated and is fed to the H-plane arm, It is 
evident that the H-plane arm will feed the two 
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Figure 12-26, Rotory Phase Shifter 


crystals in phage, while the E-plane arm will 
feed them 180° out of phase. Therefore the 
difference inamplitude between the two square~ 
law detectors is 


3|Ame) + Bel*| ae 5lAme) 7 


(12-87) 
pe!® |” . ABmit) cos 


where A and B are the amplitudes of the r-f 
signals, » is the phase difference between them, 
and m(t) is a function that describes amplitude 
modulation of the test signal. Thus, when ¢ 
equals 90°, no potential difference exists be- 
tween the two detectors and the transformer 
current is zero. However, if the two signals 
are not in phage quadrature a current will flow 
through the transformér and its instantaneous 
direction of flow will be determined by whether 
¢ ig smaller or larger than 90°. The current 
reversal as ¢ passes through 90° corresponds 
to a 180° phase shift in the output signal from 
the transformer. This phase shift is detected 
by synchronously rectifying the transformer 
output against the modulation signal asa ref- 
erence. The final filtered output of the syn- 
chronous rectifier is therefore a d-c voltage, 
which instantaneously changes polarity as the 
phase goes through the null position. Note that 
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in this system there is no need for the ampli- 
tudes of the test signal and reference to be ap- 
proximately equal as long as the crystals have 
identical dynamic characteristics. In addition 
the coherent phase discriminator has unusual 
sensitivity,47 with sensitivities of -126 dbw 
being easily obtainable at X band. 


Figure 12-28 shows a typical arrangement of 
equipment for making automatic amplitude and 
phase measurements in the near field of the 
antenna-radome combination. Radio frequency 
energy from an unmodulated klystron oscillator 
is fed to the antenna radome under test. The 
neuwr-field energy radiated from the antenna is 
received by a small pickup horn which explores 
the aperture field. The received signal ia then 
amplitude modulated with the ferrite modulator 
(Gyraline) at an audio rate. A portion of this 
Signal is fed toa coherent phase discriminator 
of the type described above. The unmodulated 
reference tothe phase discriminator is obtained 
from the klyatron after passing through the cali-- 
brated phase shift. The error signai from the 
phase discriminator serves to actuate a servo- 
motor that ts geared to the caljbrated phase 
shifter. ‘his, inturn, positions the phase shifter 
to as to maintain a constant phase difference of 
90° between the test signal and the reference. 
A recording system continually plots the poai- 
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Figure 12-27. Coherent Phase Discriminotes 


tion of the calibrated phase shifter aa the field 
ia explored with the receiving probe. 


Near-field amplitude measurements are made 
by feeding a portion of the modulated r-f signal 
from the pickup probe to a square-law detector 
and thence to a tuned amplifier and recorder. 
Thus, measurements of the phase and amplitude 
are made automatically and simultaneoucly as 
the pickup probe explores the aperture field. 


To prevent the possibility of any signal coupled 
back from the phase discriminator from be- 
coming modulated, a ferrite isolator Is placed 
between the modulator and the phase discrim- 
inator, Thus the test signal passes through 
the isolator essentially unattenuated, but any 
signal entering the isolator from the reverse 
direction is highly attenuated. This isolator 
virtually eliminates interaction effects in the 
system. 


Since the output of the phase discriminator is 
directly proportional to the field intensity, it is 
evident that the servoloop gain will vary con- 
siderably as the probe moves across the aper- 
ture field of the antenna, To overcome this 
difficulty, an automatic gain control (AGC) 
capable of varying the error signal amplifier 
gain inversely with the flellU intensity is used. 
Thus, within the operating range of the AGC, 


the error signal amplifier output is independent 
of field intensity variations. In practice an AGC 
circuit that operates over a 30 to 40 db range 1s 
gatiafactory for mostnear-sone moasurciicata, 


since intensity variations of interest across the 
aperture do not, in general, exceed this value. 


Care must be taken to insure that the AGC de- 
tector is sensitive enough to operate effectively 
at the signal leve)s available from the probe. 
In the syatem of Figure 12-28, for example, 
Since the balanced r~f phase detector is more 
sensitive than the crystal AGC detector, the 
overall system sensitivity is limited below the 
optimum value by the AGC detector. 


The accuracy of servotracking depends in part 
on the noise level in the null. To reduce this 
noise level, special attention should be given to 
the design of the klystron power supply to achieve 
minimum voltage ripple. In addition, some in- 
vestigators47,48,49 have taken the added ‘pre- 
caution of submerging the klystron in a tank of 
oll to reduce the noise and drift further. 


The flexing of the coaxial cable as the pickup 
probe moves across the aperture may cause an 
apparent phase shift in the field. For this rea- 
son, precautions shouldbe taken to assure mini- 
mum cable bending. Measurements*! taken on 
a 4-foot section of RG-9U cable suspended ver- 
tically with the lower end moved +9 inches of 
vertical indicate an attendant phase error of 
210, This is, therefore, within tolerable limits 
of most measurements, 


12-24. Near-Ficld Measurements Using the 
Scattering Method 


Linear, ucting Scatterer, An alternate 
method, 24 for near-field radome measure- 
ments makes usc of the scattering from a thin 
linear conductor supported on a nylon thread, 
The wave scattered by the conductor, as it is 
moved across the aperture, ig separated from 
the transmitted wave by a carefully tuned hybrid 
junction. The signal appearing at the receiver 
arm of the hybrid is proy-:. tional to the square 
of the tangential electric field component at the 
acatterer. Therefore, the amplitude and phase 
at any point in the field can be determined by the 
phase and amplitude of th: signal at the receiver 
arm. The principle advantage of the scattering 
technique. is that it produces minimum distor~ 
tion of the field, since there are no cables or 
waveguides to connect to the scatterer. For 
example, accurate measurements ‘ave been 
made ins! ¢ a waveguide and '= the region be- 
tween the antenna and the radoiie. 
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Figure 12-28. Automatic Equipment for Near-Field Measurements 


Figure 12-29 gives an abbreviated block dia- 
gram of the measuring system. The klystron is 
connected to the H-plane arm of the magic T 
and the E-plane arm is the receiver channci. 
The two remaining arms are terminated in the 
antenna and a resistiv. load. If the iuput im- 
pedance of the anterima is perfectly matched to 
the load, no power is coupled from the klystron 
to the receiver. in practice the antenna must 
be tuned until the T isolation is approximately 
100 db. Energy scattered from the thin conduc- 
tor produces a reflected wave at the antenna 
terminal, which is separated by the hybrid 
junction and produces the desired signal in the 
receiving arm. 


The principle disadvantage of this method 
stems from the fact that the scatterer must be 
short to indicate the field at a point and it must 
be thin to discriminate against orthogonal po- 
larization. Hence, the scattered signal is smail, 
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and so the isolation between transmitter and 
receiver must be very large (about 100 db). To 
achieve such large isolation, the antenna and 
load must be tuned to a very high degree of 
balance. Since the tuning is frequency sensitiy -, 
a monochromatic drift-free signal source is 
required. In addition the antenna must be re- 
tuned for each position of the radome. 


Modulated Scatterer. The isolation require- 
ment can be considerably relaxed provided a 
modulation is added to the scattered wave. 
Since the transmitted wave is unmodulated, a 
coherent phase discriminator can be used to 
distinguish between scattered energy and trans- 
mitter leakage. Horton®2 has suggested a method 
for phase modulating the scattered wave by vi- 
brating the scatterer in a plane parallel to the 
directicn of propagation. This vibration is ac- 
complished by applying a forcing function to the 
thread supporting the scatterer. Richmond?3, 
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Figure 12-29, Abbreviated Block Diogrum of Scattering Method 


on the other hand, has amplitude- modulated the stable signal source and critical tuning of the 
scattered wave by placing anonlinear impedance magic T to obtain the required isolation, These 
at the center of the dipole and applying an audio requirements are greatly relaxed if the meas- 
voltage through slightly conducting threads. urements are to be made ina region where the 
The required isolation ofthe magic T is redrced field is relatively strong, such as that between 
approximately $5 db by the use ofthis modulation the artenna and the radome, This method eli- 
technique, minates the problems of field distortion by the 


support and feed line, The necessary readjust ~ 
ment of the T if the radome is moved might be 


Comparison of Methods.54 The direct probing 
method is relatively straightforward and simple objectionable for some purposes. 


and can probably be used for the greatest ma- Modulating the scatterer essentially eliminates 
jority of radome near-field measurements, es-~ the oreblewe of frequency stability and T bal- 
pecially alonga reference plane such as indicated ance; algo the sensitivity is greatly improved. 


in Figures 12-22 and 12-28, Care should be 
taken to minimize the distortion produced by ie Pn teenie pee yatea 
the probe support and feed cable or waveguide, 


On the other hand, in contrast withthe scattering + 
method, it is doubtful whether thedirect probing ‘ache bese ifs ek ale ad 
method could be used satisfactorily to measure where thedistortion due tothe supporting struc- 
the detailed field structure inside a waveguide ture and feed line is not too serious. A scat- 
or in the region between the antenna and’radome, tering method is probably preferable in regions 


of strong signal and where great care must be 
As discussed above, the use of the linear con- taken to avoid distorting the field by inserting 
ducting scatterer normally requiresa very the probe, 
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Chapter 13 


PRACTICAL COMPUTATIONAL DESIGN 


PROCEDURES 


SECTION A. REFLECTION AND TRANSMISSION UF ELECTROMAGNETIC WAVES AT 
ARBITRARY INCIDENCE ANGLES BY LOSSY PLANE DIELECTRIC PANELS 


13-1, Available Data 


Equations for computing complex transmission 
and reilection coefficients for flat panels com- 
posed of any number of homogeneous dielectric 
layers in tandem were givenin Chapter 2. Many 
tables and curves have been prepared from 
these (or from other essentially identical) equa- 
tions for the important cases of perpendicular 
and parallel polarizations. Perhaps the most 
extensive efforts have been exerted by U.S. 
Naval air development groups and U.S. Air 
Force development groups to expand the ayail- 
able data toward some semblance of complete- 
ness. The single-layer wall has received moat 
attention, and transmission data for {t are now 
relatively complete (in the lossless case) for 
first and second order thicknegses with relative 
dielectric constants up to 10. The problem of 
the symmetrical "A' sandwich has also been 
attacked vigorously, ‘\viile the parameters of 
this structure are so numerous that degrees of 
data completeness are difficult to define, it now 
appears that sufficient data are available to in- 
dicate the transmission possibilities of. this 
configuration, at least for dielectric constants 
up to 6.0and 1.4 (for the skins and core respec- 
tively). "B' and "C' sandwiches have also re- 
ceived considerable attention, and limited 
discussions of multilayer structures have ap- 
peared. A large part of the currently available 
data may be found in References 1 through 49. 


18-2. Data Calculation and Presentation 


Most calculations of plane-wave coefficients 
are now carried out on high-speed digital com- 
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puters. The economy of such calculations thus 
depends on setting up the equations of Chapter 
2 in a manner for the most efficient machine 
evaluation. A matrix formulation is ideal from 
the standpoint of rapid programming and check- 
ing. The exact form of reiteration to be used, 
however, depends on which coefficients are de- 
sired and on the nature of the multilayer panel. 
Processing the data received from computers 
can constitute an expensive portion of a com~- 
putation program. Complete machine handling 
(calculation, plotting, and crossplotting) is 
extremely desirable to minimize human errors. 


The complex reflection and transmission co- 
efficients are functions of incidence angle, po- 
larization, and panel design (layer thickness and 
electrical characteristics). In a two -dimen- 
sional plot to describe some property, such as 
‘tye (the power transmiss{on eneciticient), or 
41, (the insertion phase delay), we must there- 
fore fix all but two parameters and relate the 
desired quantity to these parameters by a 
family of curves (for example, T, “ versus 
a/q for various fixed 9). A majority of the 
calculations to date have presented T and Ras 
functions of d/Ag with various fixed / or as 
functions of 6 for various fixed d/xg, where d 
is the thickness of one layer of a panel (for ex- 
ample, the core thickness foran "A" sandwich). 


As discussed in Chapter 3, however, in con- 
nection with wall design problems, graphs of 
T and R are not always the most convenient 
form. Since for all practical radome materials 
developed thus far, t, 4 F, and, furthermore, 


rl iT 
signers often desire to taper wall thickness so 
that tT, or Ti (or at least 4) or 4,,)remain con- 
stant over a desired range of ». The required 
data then take the form, of plots of d/a, versus 
«for fixed values of T“ or A. Whilethis may 
be the most convenient form, it is not the 
easiest to obtain, because of the nature of the 
equations relating d/\g to % A limited amount 
of data obtained by direct solutions of this form 
have been obtained for simple wall struc- 
tures. 14,20 ft is felt, however, that the use of 
solutions for Tand R as functions of d/dg or & 
followed by appropriated crossplots to obtain 
families of constant T “, constant A, or other 
curves relating d/\g and ¢ igthe most practical 
procedure for multilayer walls. 


andT,, ‘i 1T,j oa radome de- 


Other forms of data curves considered useful 
in wall design problems are plots of panel 
electrical thickness and of the relative phase 
shift, 5, between Ty and t,. 


13-3. Accuracy 


Most plots given for 7 can be read to within 2 
or 3 figures in the third decimal place. Plots 
of A will usually yield a value within 2° or 3° of 
the presumed correct one. Whether such ac- 
curacieg are adequate for a wall design prob- 
lem depends on the nature of the complete 
antenna-radome-radar system. If they are not, 
it is a simple matter to specify additional ac- 
curacy in the machine evaluation. It should be 
noted that the usable computational accuracy 
is limited by the attainable manufacturing tol- 
erances. 


In regard to the neglect of \usses and the use 
of approximate equations for low-loss mate- 
rials, the present trend is toward the exact 
calculation. If a decision is made to use simp- 
ler, approximate equations because of low loss, 
the increased programming time in determining 
which terms can be neglected ta often not com- 
pengated by the resulting reduction of machine 
running time. This is a matter, however, that 
must be decided for the particular panel of in- 
terest. 


13-4. Graptical Calculation 


Since the propagation of plane waves through 
a series of dielectric: layers ia the same kind 
of problem as that of transmission of TEM 
waves along two-conductor lines, techniques 
suitable for the latter case are applicable to 
the former. In particular, transmission line 
charts, such as the Smith chart,50 are con- 
venient in obtaining rapid graphical solutions in 
both cases. The accuracy of such caiculations 
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cannot compare with that of an analytical eval- 
uation, but the graphical solution has the ad- 
vantage of speed and a pictorial display of 
effects produced by parameters of the various 
layers. Detailed procedures for determining 
and R using transmission line charts have been 
described by Mathis??+ 5! and snow. 


13-5. Graphs of Transmission and Re fection 
Coefficients 


Representative curves of transmission, re- 
flection, and phase delay for perpendicular and 
parallel polarizations incident on solid homo- 
geneous panels with dielectric constant «,= 1.2, 
2, and 4 are shown in Figures 13-1 through 
13-18. Curves of power transmission coeffi- 
cients and relative phase delays for typical "A" 
sandwiches with skin dielectric constant «» = 
3.7 and core dielectric constant «, = 1,4are 
shown in Figures 13-19 through 13-33. Curves 
of insertion phase delay versus normalized 
akin and core thicknesses are given in Figures 
13-34 through 13-37. Graphs of T2 and 4 for 
symmetrical "C" sandwiches appear in Figures 
13-38 through 13-41, 


For the case of Figures 13-1 through 13-18, 
inclusive, the curves are plotted only for the 
lossless case and points are used to show lossy 
cases. Lossy information for tan 5 = 0.005, 
0.010, 0.016, and 0,020 is indicated by the fol- 
lowing markings for various angles of incidence: 


ofor 0° \ for 70° 
~ for 30° A for 75° 
e for 50° / for 80° 
x for 60° a for 88° 


When four markings are included, the one 
closest to the lossless case indicates a tan 
5 = 0.005 and the second, third, and fourth give 
data for tan § = 0.010, 0.015, and 0.020, res- 
pectively. With two markings, the information 
is given for tan = 0.010 and 0.020. One mark 
only indicates tan § = 0.020. This is illustrated 
below. 






ton 8* 0.005 
7 

-—ton &8*90.010 

Yrs ton 80.015 

1/ | og-—ton 8+ 0.020 
Wi 
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A limited number of coefficients for circular 
and elliptical polarizations have been computed 
(References 8, 39, 52). Wf a right-circularly 
polarized wave (RCP) is incident on a panel for 
which Ty is not équal iu TL, ihe emerging wave 
on the opposite side of the panel will contain 
both RCP and left-circularly polarized wave 
(LCP) components. The equations applicable to 
such a situation were given in Chapter 2. Typi- 
cal crossplots showing wall thickness contours 
for constant and constan: A for the RCP and 
LCP components emerging from homogeneous- 
wall "A" sandwiches, and "C" sandwich panels 
are shown in Figures 14-42 through 13-47. 


13-6. Wall Dimension Tolerances 


For design and fabrication purposes it is im- 
portant to know the effects of smal) variations 
in thickness and dielectric constants on radome 


transmission. Typical tolerance curves for 
such variations are shown in Figures 13-46 
through ‘2-52. The tolerances shown for skin 
thicknesses, dielectric constants, and loss tan- 
gents are representative of radomes now in 
use, The accuracy holds precisely only near 
the optimum thickness for one angle of inci- 
dence. For streamlined radomes of constant 
thickness, angles of incidence vary widely, and 
the optimum thickness exists at any time over 
only a small portion of the surface. It is clear, 
therefore, ‘that in such a case the tolerance 
curves must be used with reservation. Thick- 
nesses are usually at their optimum for angles 
of incidence somewhat higher thar the average 
angle of incidence. Because of thia and because 
tolerances become more critical at higher 
angles, a cafe procedure to follow is to read 
values from the curves at an angle equal to, or 
slightlyhigher than, the angle at which optimum 
thickness exists. 


SECTION B. CALCULATION OF THE FAR-FIELD RADIATION PATTERN FOR AN 
ANTENNA-RADOME SYSTEM * 


13-7. A Ray-Traclug Method 


Let us now consider a detailed calculation of 
the far-field pattern of an antenna-radome 
combination using a ray-tracing technique. A 
linearly polarized paraboloidal antenna and its 
radome may be considered to produce effects 
similar to an antenna array of "effective" ra-~ 
diators, each located at the center of the re- 
spective area elements, Aj, of the dish aperture 
(Figure 13-63), To determine the amplitude 
and phase distribution of these "effective" radia~ 
tor elements, rays perpendicular to the an- 
tenna aperture are drawn from each Aj; to the 
radome wall. At the point of intersection of 
each ray with the radome, the angle of inci- 
dence 9, and the polarization angle ¢ are noted. 
The "effective" radiator amplitudes a; are then 
computed by the formula. 


*A number of practical analyses and compu 
tational procedures which could properly be 
discussed here have already been treated in 
previous chapters. Sections in which this ma- 
terial may be found include Chapter 2 (Section 
G), "The Radome Shape"; Chapter 2 (Section H), 
"The Focusing Effect of Streamlined Radomes"; 
Chapter 2 (Section Ij, "Diffraction by Radomes"; 
Chapter 3 (Section C), ‘Radome Shave"; Chap- 
ter 3 (Section E), "Wall Thickness"; Chapter 4 
(Section F), "Prediction of Boresight Errors," 


a,= Te, ( (13-1) 
and the phase delays A, of the radiators are 


given by” 
: and 
by =- e + i cos | (13-2) 


where the original antenna aperture phase dis- 
tribution is assumed to be uniform, where 5, is 
the antenna aperture power density appropriate 
to the area Aj, 


Te, = [ cr, sin®e)? 4 (7, cag +27, Ty 


sin@: cos%é cos | (13-3) 
a, Ty cos%é sin A, 
Te, =arc sinj-———__ | - T,_ (13-4) 
i Te, 


and where d, = total wall thickness. 


52 TT, (13-5) 


and, of course Ty = Teen and 7, = Ty ell 
are the transmission coefficients for parallel 
and perpendicular polarizations (defined ac- 
gording to "normal phase convention"). Note: 
Ti and * are lead angles corresponding to the 
time factor ell” Equations (13-3) and (13-4 








are derived in Reference 25. For a linear po- 
larization incident on the radome » ..11, they give 
the corresponding linear component of the 
emerging elliptically polarized wave (a special 
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We may now compute the field at a far-field 
point P (c,0) in the horizontal XZ-plane (Fig- 
ure 13-54). An array of equispaced radiators 
corresponding to strip 4 of Figure 13-54 is 
shown in Figure 13-55. Plane x’Ez' shownin 
Figure 13-55 represents aplane passing through 
the center line of one of the stripschownin 
Figure 13-54 (such as atrip 4)and is perpendic- 
ular to the yeaxis, From standard antenna 
theory, the relative electric field intensity at 
point P (p, 0), due to all the equispaced radia- 
tors shown in Figure 13-54, is equal to the 
vector sum of their respective field intensities, 
and is given by 


* Joy loo 
Eng (¢,0) = ayAye +agAge +... 
ie 


i Jon 
+ ayAje +... +anAze (13-6) 


2nXj 
oy F° .s - sin p +4; 


X{ being the X’ coordinate of the center of Aj. 
Application of Euler's formula to Equation 
(13-6) gives 


(18-7) 


n 


Ey (0, 0) “) aA, cos 
i=1 


n 
+ iD, ajA; sin o 
i=l 


(13-8) 


hence 


n 
» ayAy Cos 4, 


i=1 


2 
+ Sra sin 4 


isl 


[Eq (,0)|? = 


(13-9) 


We may normalize this expression, with rea- 
pect to the field produced by the antenna alone 
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along its axis, b noung ena the relative far 
field in that case. (0, o)| is given by 


lk. oml2dS a. fel? 4-101 


t a * 1 howard -.-* a 
i=] 
Then 
n 


|#,.¢,0)? ry cos 4) 2 


i=] 


n 
|E, (0, oy? A [3 
j=l 


n 


2 
> ajAj sin y 
i=l 


f=1 


Equation (13-9) or (18-11) will yield the XZ- 
plane power pattern of the antenna -radome 
combination. Wotice that a different set of a; 
and4, will be required for each orientation of 
the antenna with respect to the radome. Gen 
erally a number of calculations for different 
scan positions will be desired. 








(13-11) 


Similarly by computing | f,. al, a)|2 for 
various values ofc, the radiation paitern in the 
XY-plane of the antenna-radome system can be 
obtained. 


18-8. Other Ray-Tracing Tecliniques 


Several commonly used ray-tracing methods 
were discussed in Chapters 2 and 4. Compared 
with other ray-tracing procedures the one con- 
sidered here is more complex than some and 
less complex than others. The implicit as- 
sumption here is that energy travels through 
the radome as if the antenna produced a well- 
collimated plane-wave beam inside the radome. 
Reflections in the region between antenna and 
radome are neglected. More elaborate methods 
for tracing rays from the antenna to a plane 
outside the radome (followed by the usual nu- 
merical integration to obtain the far field pat- 
tern) may yield more accurate results. But the 
best of ray-tracing techniques will give only 
crude approximations for some radome config- 
urations (those in the "small radome'' cate- 
gory). On the other hand, investigators have 
found simplified calc cy, ations using only two to 
five raya to be useful’” in some cases. 


See 
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Figure 13-2. Power Transmission Coctticient of 2 Plane Sheet of Dielectric Constant 1.2, Percile! Polarization, 5 = 60° To 85° 
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Figure 13-6. Reflection Phaze Shite of Plane Sheet af Dislecitic Constent 1.2, Poralle! Prlerizetion, 
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Figure 13-J. Power Trensmission Cooftictent of « Plane Shoet of Dielectric Coastent 2, Perpendicular Pelerizetion, © 
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Figure 13-8. Pcwer Transmission Coefficient of o Plane Sheet of Dielectric Constont 2, Parvile! Poisrizotion, 5 = 0° To 80* 
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Figere 13-13. Power Trensmi: sien Coofficieat of a Plane Sheet of Dielectric Consteet 4, Perpendicular Pelortzetion, & 
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Figure 13-14. Power Transmission Coefficient of « Plane Sheet of Diolectric Coastent 4, Peratle! Polerizetion, 0 
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Figure 13-15. invertion Phase Delay of « Plane Sheet of Diclecteic Constent 4, Perpendicular Polacizetion, & 
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Figure 13-16. Insection Phase Delay of « Plane Sheet of Dielectric Constont 4, Porelle! Polerizetion, & = 0° To 85° 
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Figere 13=24. Relative Phase Shift Versus Core Thickness for on 
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Figure 13-26, Power Transmission Versus Core Thickness for an A" Sandwich for Various Angles of 
Incidence at 5280 me With Parcilel Polarization 
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Figure 12-27, Relative Phase Shift Versus Core Thickness fer on “A Sendwich fer Veriove Angles 
of incidence ef 5280 me 











* 0.005 
4 


ton & 
tt + 


tan 8 * 0.014 
r 


Sondwich for Various Angles ef Incidence ond Core Thicknesses ot 


sane 
Patt st 3 
Sw H 
s -_ 
ot s 28 
H 5 $8 
H $ 33 
H sae 
ec S 
= st “ 
o 5¢ 
e 
e 35 
¢ 
3 
& 





Figera 13-28. Consteat Power Transmlasion Contours 
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Figure 13=29, Constent Pewer Transmission Contours fer an A" Sandwich far Various Angles of incidence and 
Core Thickneases at 5280 me With Porafle! Polerization 
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Figure 13=30, Constont Power Tranamlasion Contours for on ''A'' Sandwich for Varlous Angles of Inck/ence 
and Cera Thicknesses at $280 me With Perpendicular Polarization 
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Figure 13-37, Consteat Power Tranamission Contours fer on "A" Sandwich for Various Angies of Incidence and 
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Figure 13-32, Constont Power Tranamisnion Contours fer on A" Sendwich for Varleue Angles of lnckdence ond 
Core Thicknesses ef 5280 me With Perpendicular Polarization 
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Figure 13-52. Skin Dielectric Tolerance Curves for an ‘‘'A'' Sandwich, 9375 me, Perpendicular and Parallel Polarizations 
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“A” sandwich, 1-238, 1-271, 1-544, 1-569, 2-92, 
2-94 
alumina, 2-269, 2-270 
construction, 2-5 
foamed-intplace radomes, 1-18 
radome, 2-107 
utiachment, 2-61 
power transmission, 2-103 
three-layer, 1-8 
transmission and phase delay, contours, 1-43 
transmission curves, 2-128 
Ablative cuver, 2-19, 2-49 
Ablative materiais, 2-446, 2-448 
dielectric constant, 2-465 
loss tangent properties, 2-454 
Ablative window, 2-429 
Absorption, dielectric, 2-362 
energy, 2-39? 
Acceleration boost, 2-418, 2-426 
Acrylic resins, 2-319 
Adiabatic calorimetry, 2-384 
Aerodynamic, configuration, 2-6, 2-81 
design factors, 2-9 
forces, 2-51 
heat, 2-44, 2-417 
heat sirnulation, 2-242 
loads, 1-281 
Air loading, unsymmetrical, 1-282 
Air pressure, 1-322 
Air prism, 1-456 
Air, thermal conductivity, 1-289 
Airborne radar, 1-439, 2-86 
dual-frequency, 2-90 
installation, 1-489 
pressurization, 1-439 
Aircraft, attitude axis correction, 1-444 
sarly-warning radomes, 1-13 
environment, 1-445 
supersonic, 2-452 
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Alumina, 1-422, 2-36, 2-46, 2-60, 2-260, 2-440 
“A” sandwich, properties 2-270 
skins, 2-269 
bend etrength, 2-263, 2-265 
dielectric constant vs. temperature, 2-257 
electrical properties, 2-80 
emittance, 2-268 
loss tangent vs. temperature, 2-267 
machining, 1-422 
modulus & elasticity, 2-266 
mosaic, 2-269 
properties, 2-265 
porous, 2-268 
radome, blanks, 2-284 
fabricution, 2-288 
flight simulation, 2-243 
sizes, 2-288 
skin temperxture, 2-246, 2-250 
sandwich, core, 2-270 
materials, 2-268 
multilayer, 2-289 
skin, 2-279 : 
specific heat, 2-266 
thermal conductivity, 2-267 
thermal expansion, 2-266 
tiles 2-271 
joints and adhesives, 2-271 
Alumiuum die, pressure-cast, 1-404 
Alununum phosphate, 2-445 
glass reinforced, 2-284, 2-446 
Amplitudes, near-field, 1-68, 1-76, 1-507 
comparison, 1-136 
monopulse system, 1-203 
Ambient loads, 1-283 
£.N/APS-20E radome, 1-397 
Aneachoic chamber, aperture-ty pe, 2-394 
Keeosorb, 2-397 
funnel, 2-395 
microwave, 2-391 
shapes, 2-393 
Angle, offset, 2-29 


Angle of incidence, 1-55, 1-63, 2-38, 2-84, 2.92 
Anisotropic capacitor, 1-58 
Anisotropic constructions, 1-65 
Anisotropic materials, 1-55 
’ Anisotropy, 1-53 
Antenna, clearance, 1-448 
conical sean, 1-209, 1-508 
conical transmission Hne, 2-147 
, cosecant-squared, 1-98 
depolarization, 1-158 
deviation, 1-158 
elevation planes, 1-114 
half-wave dipole, 1-220 
horn, 1-69, 2-104 
lens, 2-147 
mount, 1-501 
oblique planes, 1-114 
obstacles, 2-154 
paraboloidal, 1-576 
paltern, 2-114, 2-397, 2-406 
cosecant-squared, 1-98 
E-plane, 2-42 
distortion, 1-101, 2-152, 2-155 
H-plane, 1-75, 2-48 
parameters, 2-41 
, perturbation, 2-404 
perfor mance degradation, 1-101 
planes, oblique, 1-114 
polarization, parallel, 1-158 
radome, 1-126 
-radome desizn, 1-10 
-radome intgraction, 1-77, 1-221 
, -radome radiating system, 1-576 
-radome systems, 1-188, 1-521 
search radar, 1-97 
) stabilization, 1-448 . 
systems, monopulse, 2-138 . 
} Anti-icing, 1-317 
Antiytatic rain erosion coatings, 1-344 
Aperture-type anechoic chamber, 2-394 
Araldites, 2-318 
Armstrong 2755 Cork, 2-449. 
AR-1075—HT polyester, 2-316 
Artificial dielectrics, 1-19 
Asymmetry, 1-218 
Attachments, 1-407 
“A” sandwich radome, 2-61 
ceramic radomes, 2-49 
chemical, 2-51, 2-54, 2-55 
joints, 2-53 
mechanical, 2-51, 2-55, 2-58 
radome, 2-42 
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Altitude axis correction, aircraft, 1-444 
Avcoat I], 2-453 

Axial load, 1-302 

Axial support, radome, 2-149 
Avlelhesosaiietiic sectur scanner, t-441 


Azimuth run, 1-207 


“B” sandwich, 1-238, 1-271 
construstion, 2.6 
radomes, 1-11, 1-47 
Baffle chamber, 2-396 
Bay molding, 1-392 
Bakelite, 2.318 
Ballistic range, 2-209 
Ballistic reentry, 2-418 
surface temperatures, 2-425 
vehicles, 2-461 \ 
Bandwidth, 1-287, 2-42, 2.117 
Barium aluminum silicate, 2-4 
Batch preparation, steatite rade 1-420 
BC1 No, 6601-F polyamide resin, 2-319 
Beam depression, 1-452 \ 
Beam deviation, 1-199 \ 
Beam tilt, 1-444 ‘ 
Beamrider missiles, 1-145 \ 
applications, 1-146 \ 
Bearing blocks, preparation, 1-392 
Bend strength, alumina, 2-268, 2-265 
BKeryllia, 1-423, 2-261, 2-280, 2-441 ‘ 
dielectric constant, 2-283 
emittance, 2-283 
loss tangent, 2-283 
modulus of elasticity, 2-281 
modulus of rupture, 2-286 
thermal conductivity, 2-282 
thermal expansion, 2-281 
radomes, production, 2-292 
Bisque firing, steatite radome, 1-422 
Bisque machining, 2-287 
Blast pressure, 1-288 
Blister radome, semuistreamlined, 1-9 
Bomare radome, 1-16 
Bond strength and flexibility, 1-298 
Bonding adhesives, 1-376 
Boresight error, 1-502, 2-48, 2-100 
monopulse system, 1-199 
prediction, 1-i7 
integral equation technirque, 2-103 
optical technique, 2-101 
scattering technique, 2-102 
Boresight ranges, 2-397, 2-406 
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Boresight test setup, 2-238 

Boro.: nitride, 2-442 

Branson Vidigage, 2-848 

srewster angle, 2-172 

‘joundary layer, 1-456 
temperature, 1-291 

Broadband radomes, 1-237, 2-116, 2-126 
multilaver, 2.120 
surface treatment, 2-125 

Buckting, 1-316 
coeflicients, 1-306 
sandwich wall, 1-301 
solid wall, 1-802 
thermal, 1-295 
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“C” sa.idwich, 1-288, 1-572 
construction, 2-5 
radomes, 1-47 
Calorimeter, copper block, 2-887 
“dropping,” 2-885 
Calorimetry, adiabatic, 2-384 
Cupseitor, anisotropic, 1-58 
isotropic, 1-58 
Casting, steatite radome, 1-421 
Catalysts, 1-878 
Cavitation effect, 1-846 
Cavity effect, 1-149 
Centrifuge, 2: 206 
Ceramic materials, 1-419, 2-29 
elustic constants, 1-480 
electrical properties, 1-431 
Knoop hardness, 1-431 
physical properties, 1-427 
refractoriness, 1-481 
temperature effects, 1-482 
thermal conductivity, 1-429 
thermal expansion coefficients, 1-430 
Ceramic radomes, 1-18, 2-259 
attachment, 2-49 
fabrication, 2-284 
properties, 2-260 
Ceramics, 2-440 
dense fired, 1-419 
density, 1-481 
nonoxide, 2-362 
oxide, 2-262, 2-861 
porous, 1-424 
radiation effects, 2-250 
subsonic rain erosion properties, 1-340 
Ceramoplastics, 1-427 
Chemical attachments, 2-51, 2-54, 2-56 


Chemical-mechanical attachments, 2-59 
Chin radome, 1-11, 2-151 
fluted core, 1-894 
Chopped fiber preform, 1-400 
Cire-rore filament winding, 2 208 
Circ-longe drop-stitch filament winding, 2-306 
Cire-longo grind process, 2-309 
Cire-lonygo sock process, 2-309 
Circo fibers, 2-307 
Circularly polarized incident waves, 1-567 
Coatings, erosion, 1-397 
neoprene, 1-12 
polyurethane, 1-339 
rain erosion, 1-344 
properties, 1-835 
Coaxial line dielectric measurements, 2-366 
Coaxial waveguide, 1-486 
Coherent phase discriminator, 1-512 
Command guidance, 1-145 
Compressive strength, 1-400, 2-389 
Computer design of radomes, 2-90 
Conductive heat transfer, 2-236 
Conductivity, thermal, 1-284, 2-880 
Cone ungles, 1-290 
effect, 1-854 
Conical fairing, 1-61 
ogive radome, 1-63 
Conical radome, 1-105, 1-282 
Conica) scan antenna, 1-508 
axis, 1-209 
Conical scan radar system, 1-132 
Conica! transmission line antenna, 2-147 
Cunstruction, half sandwich. 2-6 
sandwich radomes, 1-378 
sandwich wall, 1-361 
sclid-wall :aconios, 1-378 
Convective bi:-t Lean sfce, 2-281 
Copper block «4.0. -ter, 2-387 
Cordierite, 1-44 
Core, construct} *1, 1-94 
fluted, 1-380 
foam, 1-380 
honeycomb, 1-378, 1-396 
joint gaps, 1-299 
materials, 1-378 
shear strength, 1-298 
thickness, 1-259, 1-275, 1-298 
tolerance, 1-573 
Cork, Armstrong 2765, 2-449 
Cornu spiral, 1-448 
Cosecant-squared antenna, 1-98 
Creep, 1-316 








Cristobalite, 2-276 

Cross-polarization suppression, 2-104 
Crosstalk error, 2-86 

Curing, fillament-wound radomes, 2-309 
Cut-bar tLermal conductivity measurements, 
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Cutting planes, 2-85 
Cylinders, isotrepic, 1-307 
Gylindrical radome, 1-189 
Cylindrical ring stresses, 2-66 
Cylindrical sandwich, 1-808 


DC-2106 silicone resin, 2-319 
Deflection, 1-325 
Dense fired ceramics, 1-419 
Density, ceramics, 1-481 
Depolarization, 1-151 
antenna, 1-158 
target, 1-154 
DER-DEN resins, 2-818 
Deviation, antenna, 1-153 
Diamond wheel grinding, 1-404 
Dielectric constant, 1-48, 1-68, 1-474, 1-478, 
1-526, 2-31, 2-38 
ablation materials, 2-465 
aluinina sandwich skin and core, 2-270- 
beryllia, 2-288 
calculations, 2-877 
interferometer, 1-405 
measurements, 2-354 
Pyroceram, 2-274 
slip-cast sintered fused silica, 2-278 
vs. resin content, E-Class and Vibrin 135, 
2-800 
vs, resin content, hollow glass and Vibrin 135, 
2-301 
vs. resin content, S-994 Glass and Vibrin 135, 
2-302 
vs. temperature, 2-368 
alumina, 2-267 
Dielectric diffraction, 1-74 
Dielectric dispersion and absorption, 2-862 
Dielectric homogeneity, 1-495 
Dielectric instrumentation, microwave, 2-335 
Dielectric loadings, 1-59 
Dielectric loss, 1-431, 1-478, 1-495 
Dielectric materials, electrical characteristics, 
1-483 
high temperature, 2-362 
thermal properties, 2-379 


Dielectric measurements, 2-364 
coaxial line, 2-365 
free-space, 2-374 
interferometer, 2-374 
open-circuit method, 1-490 
resonant cavity, 1-494, 2-870 
slotted-line method, 1-494 
waveguide, 2-367 
Dielectric patches, 1-209 
Dielectric properties, porous ceramies, 1-426 
resins, glasses, and laminaies, 2-321 
Dielectric rings, 1-208, 1-214 
seattering, 1-218 
Dielectric sheets, 2-106 
Diclectric thickness, 2-854 
Dielectrics, artificial, i-19 
inhomogeneous, 1-58 
lossy, 1-519 
medium-losa, 1-490 
plane, 1-519 
Dielectrometer, 2-325, 2-852, 2-366 
microwave, 1-494 
surface-wave, 1-494 
Diffraction, dielectric, 1-74 
edge, 1-447 
Diffusivity, thermal, 2-382 
Dilatometer, sapphire rod, 2-892 
Dipole antenna, half-wave, 1-220 
Dipole feed through radomes, 2-118 
Dispersion, dielectric, 2-862 
Dissipation factor, solid wall, 1-475 
Distortion, antenna pattern, 2-152, 2-156 
Double sandwich, 1-563 
Double-wall radomes, 1-7, 2-6 
Dray coefficient, 2-11 
Driving point resistance, 2-117 
“Dropping” calorimetry, 2-385 
Durvid 6650, 2-451 
Dynamic modulus measurement, 2-390 


ECCO interferometer, 2-357 

Eecosorb anechoic chamber, longitudinal baffle, 
2-397 

Edge compression, 1-308 

Edge diffraction, 1-447 

1i-Glass, 2-298, 2-300 

Elastic constants, ceramic ma‘: ".-. 1-480 

Elastic moduli, 2-889 





Electrical design considerations, 2-79 
flat window, 2-431 
hypersonic, 2-430 
window, 2-416 
Electrical factors, 2-26 
istectrical gage, 1-473 
Electrical grinding control, 2-310 
Electrical index, 2-21 
Electrical non-uniformity, radome walls, 1-207 
Electrical properties, alumina, 2-80 
ceramic materials, 1-431 
joints, 1-387 
Electrical requirements, 1-106, 2-19 
search radomes, 1-99 
Electrical testa, 2-22, 2-68 
Electrical thickneas, radome wall, 1-468 
effect of moisture, 1-478 
Hlectromagnetic field theory, 1-27 
Electromagnetic tensioner, 2-308 
Electromagnetic windows, 2-448 
shape, 2-97, 2-99 
stresses, 2-426 
Electromechanieal gage, 1-478 
Electronic guidance, current missiles, 1-140 
Elevation planes, antenna, 1-114 
Ellipsvidal shape, 2-7 
Ellipsoidal missile radome, 1-170 
Elliptical polarization, 1-50, 1-169 
transmission coefficients, 1-51 
Emissivity, 1-284 
Emittence, beryllia, 2-288 
Pyroceram, 2-274 
slip-cast sintered fused silica, 2-279 
Environment, aircraft, 1-455 
rain, 2-201 
thermal, 2-416 
thermal] shock, 2-28 
Environmental considerations, precipitation 
static, 1-819 
Environmental design, 1-316 
redome, 1-281 
Environmental factors, 2-26 
Environmental requirements, 2-22 
Environmental testing, 1-826, 2-61 
E-plane antenna pattern, 2-42 
E-plane transmission joss, 2-29 
Epon 828 laminates, 2-318 
Epoxy resins, 1-339, 1-872, 1-403 
VC-8359, 2-816 
Equiangular shape, 2-7 


Erosion, coating, 1-397 

rain, 2-203 

simulator, Mithras, 2-208 
Error, boresight, 1-502 

crosstalk, 2-AA 

in-plane, 1-201, 1-217 
Exhausts, rocket motor, 2-285 
Expanded hardboard radomes, 1-7 
Expansion, thermal, 2-390 
Exposure time, thermal shock, 1-284 
Iixternal pressure, 1-305 
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Fabric, lay-up, 1-393 
glass, 1-403 
preparation, 1-692 
Fabrication, alumina radome, 2.288 
ceramic radomes, 2-284 
composite radome, 2-812 
glass-ceramiu radome, 2-289 
glass fiber filament, 2-802 
multilayer alumina sandwich redome, 2-289 
plastic radomes, 1-391 
Fabry. Perol interferometers, 2-875 
Foce thickness, 1-298 
Fairing, ogive, 1-65 
Far-field antenna patterns, 1-75, 1-521 
horn antenna, 2-106 
interference, 1-102 
Far-field zones, 1-222 
Fatigue, 1-315 
Feed-through radomes, dipole, 2-113 
Feeler gauge thickness measurement, 2312 
Fiber, polystyrene, 1-7 
Fiber reinforced plastic radomes, 2-295 
Fiberglass yarn filaments, 2-299 
Fibers, glass, 1-867, 2-296 
Field-probe evaluation, 2-405 
Filament winding, 2-306 
circ-gore, 2.308 
cire-longo drop-stitch, 2-306 
helical, 2-306 
Fijament-wound radomes, curing, 2-309 
finishing process, 2-318 
Filaments, fiberglass yarn, 2-299 
Fineness ratio, 1-61, 2-11, 2-21 
Finishing process, 1-395 
filament-wound radome, 2-313 
radome, 2-290 
sintered radome, 2-291 
Fire control radar syatems, 1-181, 1-178 
Fire control radomes, 1-14, 1-129 
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Firing ceramics, 1-425 
Flat panel (see “Panel” and “Wall” entries) 
Flat-plate heating, 2-423 
Flat sandwich, 1-38, 1.201 
Flat sheet, homogeneous, 1-27 
lossless, 1-84 
Flat window, electrical design, 2-441 
Flexural strength, 1-890, 2-889 
Flight simulation, alumina radome, 2-243 
Fluorocarbon resin, 2-819 
Flush-faired radomos, 1-11 
Flush-mounted radiating systems, 2-137, 2-142 
Fluted core, 1-380 
chin radome, 1-894 
wall construction, 1-299 
Foam, core, 1-880 
Foam, polyurethane, 1-880, 1-400 
Foaming, 1-424 
Foamed-in-place core wall construction, 1-299 
Foamed-in-place radomes, 1-18 
Focusing offect, streamlined radomes, 1-66 
Forming, 1-425 
Forming and shaping radome blanks, 2-286 
Forsterite, 1-424 
Four-horn phase comparison system, 1-506 
Free-space, dielectric measurements, 2-374 
vswr evaluation, 2-405 
wavelength, 2-88 
Frequency, 1-241 
rain, 2-201 
va, wavelength conversions, 2-108 
Friction tensioner, 2-808 
Funnel anechoic chambers, 2-396 
Fused silica, 2-278 
nose cone, 2-247 
slip-casting process, 2-291 
Fusion cast materials, 1-427 


G 


Gage, electrical, 1-478 
in-process, 2-346 
inside diameter, 2.346 

Generator, r-f, 1-495 

Geodesic lenses, 2-147 

Geometrical optics, 1-189 

Glass, 1-426 
-bonded mica, 1-427 
-cerarnics, 2-260 

properties, 2-271 
radome fabrication, 2-289 


Glass (cont) 
cloth, 1-890 
dielectric properties, 2-321 
fabric, 1 408 
filament fabrication, 2-802 
sizing, 1-875 
fibers, 1-867, 2-296 
composition and properties, 2-299 
laminates, 2-281 
tension, 2-808 
laminate, aluminum phosphate-5994, 2-445 
recrystallized, 2-362 
refractory, 2-862 
reinforced aluminum phosphate, 2-284, 2-446 
reinforced plastics, longitudinal, 1-388 
low-pressure, 1-388 
mechanical properties, 1-888 
parallel laminated, 1-388 
reinforced sandwich radome, 1-408 
subsonic rain erosion properties, 1-340 
Glazing, 1-425 
Glide reentry, 2-418 
vehicles, 2-450 
Gore filament pattern, 2-309 
Gratings, 2-104 
Grinding, circ-longo process, 2-309 
electrical control, 2-310 , 
ultrasonic control, 2-310 
radome blanks, 2-287 
Ground illumination, 1-97 
Guarded hot-plate, 2-382 
Guidance radomes, 1-16 
Guidance systems, 1-140 
effect of radome errors, 1-178 
radomes, 1-129 
- proportional navigation, 1-144 
remote, 1-145 
self-contained, 1-141 
Guided missiles, 1-141 
Gunfire control radomes, 1-16 


H 


Haack-Von Karman shape, 2-8 

Half-sandwich construction, 2-6 

Half-wave dipole antenna, 1-220 

Half-wave homogeneous flat sheet, 1-35 
first-order, 1-86 

Half-wave radome, 2-81 

Half-wave wall, 1-121, 1-191, 2-117 
higher-order, 1-81 

Handling precautions, 2-48 
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Hardboard, expanded, 1-7 
Heat flow, planar, 2-881 
Heat resistant rain erosion coatings, 1-344 
Heat simulation, nerodynamic, 2-242 
Hont tranafer, cooficiaent, £284 
conductive, 2-286 
convective, 2-281 
radiative, 2-286 
Heuting, aerodynamic, 2-44, 2-417 
flat-plate, 2-432 
laminar, 2-420 
sonic point, 2-421, 2-424 
turbulent, 2-421, 2.424 
rates, 2-419, 2-424, 2-426 
Helical filament winding, 2-306 
Helium plesma effects, 2-436 
Hemispherical radome, 1-60, 1-104, 1-217, 2-250 
Hetron 92, 2-816 
Hollow glass, 2-801 
Homing missiles, 1-142 
Homogeneity, dielectric, 1-495 
Homogeneous flat sheet, 1-27 
half-wave, 1-85 
thin, 1-33 
Homogenent ~ panels, 1-567 
Homogeneous radomes, transmission coefficient, 
2-180. 
Honeycombs, 2-312 
core, 1-378, 1-396 
lay-up, 1-896 
thickness, 1-406 
sandwich radomes, 1-10 
wall construction, 1-298 
Horna, 2-89 
antenna, 1-69, 2-104 
far-field pattern, 2-105 
interferometer, 2-844 
Hot-aiy deicing, 1-318 
Hot Aue, 2-281 
Hot-gas wind tunnel, 2-282 
Hot-platée, guarded, 2-382 
Hot salt bath, 2-236 
H-plane, 1,229 
antenna patterna, 1-765, 2-48 
near-field ‘amplitudes, 1-70 
near-field, phase, 1-70 
transmission loss, 2-40 
Hybrid impregnation resin bath, 2-805 
Hydraulic jacks, 1-822 
Hydrocarbon resin, 2-816 
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Hypersonic, electrical design, 2-430 
materials, 2-439 
radomes, 2-413 
structural design, 2-426 
vehicles, 9-AR 
velocities, 2-417 


Ice calorimeter, 2-386 
Icing control, 1-816 
anti-icing fluid, 1-317 
hot-air system, 1-318 
internal heating, 1-318 
rubber boot, 1-317 
Ilumination, ground, 1-97 
Impact, 1-314 
resistance, 1-296, 1-429 
tasting, 1-327 
Incidence angle, 1-55, 1-110, 1-114, 1-276, 1-519, 
2-38, 2-84, 2.92 
components, 1-117 
Incident polarization, 1-158 
elliptical, 1-169 
linear, 1-168 
parallel, 1-158 
Incident waves, linearly polarized, 1-174 
polarized, 1-153 
right-circularly polarized, 1-567 
Inertia loads, 1-282, 2-61 
Infrared systems, 1-88, 2-287 
Inhomogeneities, radome surface, 1-210 
Inhomogeneous, dielectrics, 1-58 
plasmas, 2-485 
radome reflection, 2-182 
radomes, 2-128 
transmission ccefficient, 2-180 
Inorganic laminates, 2-443 
Inorganic materials, 1-366, 1-419 
Inorganic matrix materials, 2-296 
In-plane error, 1-201, 1-217 
In-process gage, 2-846 
Ingertion phase, 1-84, 1-528, 1-560, 2-88, 2-159 
contours, single sheet, 1-106 
delay, 1-124 
“A” sandwich radome, 2-108 
lossless plane dielectric sheet, 1-88 
difference, 1-465, 2-84, 2-92 
constant, 2-84 
effects, 1-122 
variation vs. angle of incidence, 1-55 
vs, incidence angle, 1-120 








Inserts, 1-392 
Inside diameter gage, 2-846 
Inspection methods, 1-406 
Instability buckling, 1-301 
Installation, airborne radar, 1-489 
Tnatrimantation, 1-295 
Integral equation, 1-195, 2-103 
Interceptor radome, 1-168, 1-218 
Interface retlection coetticients, 1-27, 1-56, 2-169 

phase angle, 2-171 
Interference, 1-101 

effects, 1-445 
Interferometer, 2-387 

dielectric constant, 1-406 

dielectric measurements 2-374 

ECCO, 2-357 

horn, 2-344 

magic T, 1-467 

Michelson, 2-875 

micrometer, 1-466 

reflection, 2-310 

two-horn, 1-465 

tubles, 2-389 

Fabry-Perol, 2-875 
Interlaminar shear values, 2-297 
Internal heating, 1-318 
Internal pressure, 1-288 
Isotropic capacitor, 1-58 

cylinders, 1-807 

plasma, simulated, 2-487 

sandwich, 1-806 


d 


JC-1571 hydrocarbon resin, 2-815 

Jet engine exhaust, 2-282 

Jets, plasma, 2-285 

Joint gaps, core, 1-299 

Joint loading, 2-62 

Joints, attachment, 2-58 
electrical properties, 1-887 


K 


K-band radomes, 1-9 

KEL-F81 fluorocarbon resin, 2-319 
Knitted-sock laminated radomes, 1-10 
Knoop hardness, ceramic materials, 1-431 


b 


ae 


Laminac 4110, 2-816 
Luminated radomes, 1-10 
knitted-sock, 1-10 


Laminated wall construction, 2-5 
Luminates, 1-367 
dielectric properties, 2-821 
Epon 828, 2-318 
glass fiber, 2-281 
inorganic, 2-445 
organic resin-fiberglass, 2-441 
polyamide resin-fiberglass, 2-444 
slotted, 1-338 
resing, 1-18 
void elimination, 1-398 
walls, 1-478 
Lathe grinding, 1-402 
Lathe turning, 1-400 
Leng, 1-206 
antennas, 2-147 
feeding, 1-80 
geodesic, 2-147 
Lunebery, 1-78 
manufacture, 1-78 ; 
radome transmission loss, 1-80 
Lightning, 1-819 
Line-of-sight stabilization, 1-440 
Linear polarization, 1-51, 1-168 
Lithium aluminum silicates, 1-424 
Lloyd’s mirror effect, 1-76 
Load application, 1-822 
Load, axial, 1-802 
Loaded core sandwiches, 1-18 
Loads, 1-297 
ambient, 1-283 
aerodynamic, 1-281 
dielectric, 1-59 
inertia, 1-282 
joint, 2-52 
operational, 2-51 
pickup probe, 1-495 
Lobe comparison, sequential, 1-147 
Lobing, sequential, 1-138 
Leg spiral, 1-64 
Logarithmic shape, 2-7 
Longitudinal-baflle Eccosorb anechoic chamber, 
2-397 


Longitudinal heat-flow measurements, 2-381 
Longitudinal plastics, glass, reinforced, 1-388 
Longo fibers, 2-807 
Look angle, 2-86 
Loss, correction, 1-490 

dielectric, 1-481, 1-478, 1-495 

reflection, 2-88 
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Loss tangent. alumina sandwich skin and core, 
2-270 

beryllia, 2-288 

calculations, 2-878 

measurements, 2-357 

properties, ablation materials, 2-454 

Pyroceram, 2-274 

slip-cast sintered fused silica, 2-278 

vs, temperature, 2-368 

alumina, 2-267 

‘Lossless dielectric, Snell's law, 2-173 
Lossless homogeneous plane sheets, 1-49 
Losslegg plane dielectric sheet, 1-82 
Lossless plane sheet, 1-85 
Lossless thin flat sheets, 1-34 
Lossy dielectrics, 1-519 
Low denyity materials, 1-381 
Low-frequency resonant cavities, 2-873 
Lumped fields, 1-196 
Luneberg lens, 1-78 


M 


Mach number factors, 2-11 
Machining, alumina, 1-422 
Magi: T, interferometer, 1-467 
Magnesia, 1-428, 2-442 
Magnetic materials, 1-54 

measurements, 1-492 
Magnetic tensioner, 2-308 
Magnetron, frequency pulling, 1-100 

performance, 1-100 
Marco vacuum injection, 1-399 
Matched-die mold, 1-401 
Matched-tool molding, 1-396 
Materials, 2-82 

ablative, 2-446, 2-448 

alumina sandwich, 2-268 

anisotropic, 1-55 

ceramic, 1-419, 2-29 

construction, 2-267 

core, 1-878 

dielectric, 1-488 

full density, 1-383 

fusion cast, 1-427 

hypersonic, 2-489 

inorganic, 1-366 

low density, 1-881 

magnetic, 1-492 

organic, 1-865 

plastic, 1-335 

rain-resistant, 2-208 

testing, high temperatures, 2-361 


Matrix formulation, 1-40 
Matrix materials, inorgunic, 2-296 
Measurements, dielectric, 2-364 
near-field] 1.291, 1-220, 1-507 
no-dome, 1-224 
radar cross section, 1-154 
radome wall, 1-463 
specific heat, 2-384 
tensile s:rength, 2-69 
transmissi: n impedance, 1-486 
Mechanic‘, attachment, 2-51, 2-6% 2-58 
-chemical attachments, 2-59 
factors, 2-27 
micrometer, 1-472 
properties, glass reinforced plastic, 1-388 
properties, testing, 2-64 
physical properties, 2-885 
strength, 2-71 
Mechanism, rain erosion, 1-845 
Medium-loss dielectrics, 1-490 
Melamine resing, 1-868 
Metal ribs, 2-161 
Metal-loaded radomes, 2-104, 2-125 
per?srated, 2-106 
Meta: sheets, 1-59 
Metal slats, 1-59 
Mica, glass-bonded, 1-427 
Michelson interferometers, 2-375 
Micrometer, 1-472 
Microwave, anechoic chambers, 2-891 
dielectric instrumentation, 2-835 
dielectrometer, 1-494 
interferometer, 1-466 
radar, 1-5 
reflectometer, 2-353 
thicl:ness gage, 1-406, 2-351 
nonmetals, 2-352 
Millimeter-wavelength radomes, 1-80, 2-135 
phase data, 2-187 
wall construction, 1-84 
Missiles, heamrider, 1-146, 1-146 
guidance radomes, 1-16 
homing, 1-142 
radume, 1-401 
ellipsoidal, 1-170 
fabric lay-up, 1-401 
supersonic, 2-452 
Mithras erosion simulator, 2-208 
Modulated scatterer, 1-514 
Modulus of elasticity, 1-390, 2-389 
alumina, 2-266 
“A” sundwich, 2-27] 








Modulus of elasticity (cont) 
beryllia, 2-281 
Pyroceram, 2-272 
Modulus of rupture, beryllia, 2-280 
Pyroraram, 2-272 
Moisture, 1-320 
effects, 1-478 
Mold, matched-die, 1-401 
Molten metal bath, 2-236 
Molding, matched tool, 1-396 
Monopulse system, 1-505, 2-188 
amplitude comparison, 1-208 
boresight errors, 1-199 
errors, 1-186 
radiation pattern difference, 1-135 
sum radiation pattern, 1-184 
time sequential systems, 1-186 
Mosaic alumina construction, 2-269 
Movable piston phase shifters, 1-509 
Multilayer sandwiches, 1-289, 2-121 
“A” sandwich radome, 1-8 
alumina radome, fabrication, 2-289 
construction, 2-6 
panels, 1-38 
wall radome, 1-273 
Multiple thickness gage, 1-406 


N 


Nacelle, clearance, 1-464 
lining absorbers, 1-10 
placement, 1-445 
Navigation, proportional, 1-144 
Near-field, amplitude, 1-68 
meagsureinents, 1-507 
distribution, 1-230 
H-plane amplitude, 1-70 
H-plane phase, 1-70 
measurements, 1-221 
phase measurements, 1-507 
reflection, 1-102 
Neoprene protective coating, 1-12 
91-LD Phenolic resin, 2-319 
No-dome measurements, 1-224 
Nondimensional time, 1-310 
Nonoxide ceramics, 2-862 
Nose blunting, ogival shape, 2-11 
Nose cone, fused silica, 2-247 
slotted arrays, 2-144 
Nose laminar heating, 2-420. 


Nose mounted ogival shaped radomes, 2-483 


Nose radomes, 1-14, 1-288 


Nuclear radiation, 1-321 
Null shift measurements, 2-852 
Nypol 46-4001 and 46-4020 acrylic resins, 2-319 


-_ 


WV 


Oblique planes, antenna, 1-114 - 
Obstacles, antenna, 2-154 
Offset angle, 2-39 
Offset run, 1-207 
Ogive, 1-162 
fairing, 1-65 
plastic, 1-358 
radome, 1-172, 2-488 
conical fairing, 1-68 
shape, 2-8 
nose blunting, 2-11 
181 glass cloth, 1-390 
One-half wave wall, 2-117 
One-half wavelength, multiple, 2-4 
radome, 2-31 
thickness, 2-31 
Open-circuit method, 1-490 
Operational loads, 2-51 
Optics, 1-447 
boresight error prediction, 2-101 
geometrical, 1-189 
theory, 1-27 
Orbital decay reentry, 2-418, 2-426 
Organic materials, 1-365 
properties, 1-381 
resin-fiberglass laminates, 2-441 
Oxide ceramics, 2-262, 2-861 
Oxyacetylene burners, 2-252 
Oxyacetylene test facility, 2-246 
Oxyhydrogen burners, 2-288 
Oxyhydrogen rucket motor, 2-243 
Oxypropane burners, 2-282 


P 


Panels, flat (see also “Walls” entries), 2-91 
homogeneous, 1-567 
multilayer, 1-88 
Parabolic shape, 2-8, 2-10 
antenna, 1-576 
Parachute, 1-353 
Parallel laminated giass reinforced plastics, 
1-888 
Parallel polarization, 1-82, 1-158, 1-527, 1-578, 
2-34 
antenna, 1-153 
Parallel-ray theory, 1-75 
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Parallel-ray transmission, 1-75 
Parameters, antenna pattern, 2-41 
Paraplex P-43, 2-316 
Pass bands, 2-118 
Patches, dielectric, 1-209 
Pattern, antenna, 1-97, 2-114, 2-897, 2-406 
gore filament, 2-809 
distortion, 1-101, 2-39 
plasma antenna, 2-436 
radar, 1-446, 1-455 
radome, 1-499 
scattering, 2-158 
Perforated metal-loaded radome, 2-106 
Permittivity, complex, 1-488 
Perpendicular polarization, 1-28, 1-241, 1-526, 
1-578, 2-85, 2-84 
Phantom feed, 1-150 
Phase-amplitude system, 1-186 
Phase comparison, 1-186 
monopulse system, 1-200 
four-horn system, 1-506 
Phase data, 2-81, 2-187 
Phase delay, 1-11 
Phase shift, 1-478, 1-509 
reflection, 1-530 
Phase variation, 2-89 
Phenolic-nylon, Tayloron, 2-449 
Phenolic resin, 1-367, 2-319 
plyophens 23-017, 2-319 
Phenylsilane resins, 2-320 
Physical design considerations, 2-1 
Physical properties, ceramic materials, 1-427 
Pickup probe, 1-509 
loading, 1-495 
Pitch stabilization, 1-441 
Placement, radome, 1-445 
Planar heat flow, 2-381 
Plane dielectric sheet, 1-82, 1-526 
Plane dielectric, 1-519 
Plane sheet refraction, 1-66 
Plane-wave, reflection, 1-28 
refraction, 1-31 
transmission, 1-28 
Plasma, antenna pattern distortion, 2-486 
effects, 2-483 
helium, 2-486 
inhomogeneous, 2-485 
jets, 2-235 
resonance, 2-438 
Plastic-alumina radomes, 2-269 
Plastics, classification, 1-366 
fiber reinforced, 2-296 


Plastics (cont) 
glass reinforced, 1-388 
low-pressure, 1-388 
reinforcements, 1-374 
materials, 1-835 
rain erosion properties, 1-885 
opive, 1-358 
radiation effects, 2-249 
radomes, fabrication methods, 1-391 
reinforced, 1-366 
Platform stabilization, 1-440 
Plyopheng 23-017 phenolic resin, 2-819 
Plywood radomes, 1-5 
Pointing errors, 1-147, 1-150 
Poisson’s ratio, Pyroceram, 2-273 
slip-cast sintered fused silica, 2-277 
Polarization, 1-50 
efficiency, 1-177 
elliptical, 1-50 
linear, 1-51, 1-168 
gratings, 2-104 
incident, 1-153 
parallel, 1-32, 1-163, 1-527, 1-578, 2-34 
phenomena, 1-152 
relative, 1-117 
Polarized incident wave, 1-158 
Polyamide resin, BC1 No, 6601-F, 2-819 
fiberglass laminate, 2-444 
Polyester, AR-1076-HT, 2-316 
resins, 1-370, 2-316 
Selectron, 2-251 
Vibrin, 2-251 
Polyfiber radomes, 1-365 
Polylite ED-386, 2-316 
Polystyrene fiber, 1-7 
K-band radomes, 1-9 
Polyurethane, 1-839 
foams, 1-380, 1-400 
Porous alumina, 2-268 
Porous ceramics, 1-424 
dielectric properties, 1-426 
Post-curing, 1-895 
Power reflection, 1-271 
coefficient, 2-354 
Power shape, 2-8, 2-10 
Power transmission, “A” sandwich radome, 
2-108 
eoeficient, 1-526, 1-582, 2-84, 2-122, 2-857 
solid-wall radome, 2-119 
lossless homogeneous plane sheets, 1-49 
lossless plane dielectric sheet, 1-82  ~ 





Power transmission (cont) 
| constant, 1-124, 1-564 
contours, 2-172 
minimum, 2-120 
coefficient, 2-119 
sola wall radoime, 2-126 
vs. core thickness, 1-544 
: Precipitation static, 1-319 
Prefabricated foam wall construction, 1-299 
Preform molding, 1-399 
Pre-impregnation resin bath, 2-305 
Preserved incident component, 1-567 
Pressure, 1-326 
{ -cast aluminum die, 1-404 
injection, 1-400 
; load, 2-51 
' slip-casting, 2-287 
Pressurization, 1-489 
Production, beryllia radomes, 2-292 
Protective cover, 2-18 
i Pyroceram, 2-34, 2-46, 2-60, 2-260, 2-862, 2-441 
i dielectric constants, 2-274 
emittance, 2-274 
loss tangent, 2-274 
; modulus of elasticity, 2-272 
' Poisson’s ratio, 2-278 
sensitivity measurement, 2-365 
specific heat, 2-274 
thermal conductivity, 2-273 
thermal expansion, 2-278 


Q 
Quadripod space frame, 2-150 
Quality control, 2-346 


R 
Radar, airborne, 1-489 
antenna configuration, 1-166 
conical scan, 1-182 
fire control, 1-181, 1-178 
cross section measurement, 1-154 
cross section vs. target scattering, 1-156 
microwave, 1-5 
puttern distortion, 1-445, 1-455 
range reduction, 1-99 
VHF, 1-3 
Radial plane definition, 2-99 
Radiated field, 1-221 
Radiating system, antenna-radome, 1-576 
flush-mounted, 2-187, 2-142 
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Radiation effects, 2-248 
ceramics, 2-250 
plasties, 2-249 
Selectron polyesters, 2-251 
Vibrin polyesters, 2-261 
Radiation, nuciear, 1-321 
Radiation pattern, far-fielu, 1-521 
Radiation pattern difference, monopulse 
antenna,:1-135 
Radiative heat transfer, 2-236 
Radome, airborne, 2-86 
antennu systems, 1-188 
anti-icing, 1-16 
applications, 1-6 
blanks, alumina, 2-284 
forming and shaping, 2-286 
grinding, 2-287 
blister, 1-9 
bonding adhesives, 1-876 
boresight errors, monopulse system, 1-199 
prediction, 1-17 
broadband, 2-120, 2-125 
ceramie, 1-18, 2-259 
chemical attachment, 2-51, 2-64, 2-56 
compos)'* 2-312 
conicai, . vd, 1-282 
construction, 1-865, 1-419 
cylindrical, 1-189 
de-icing, 1-18 
depolarization | .167 
diffraction, 1-; - 
dipole feed-through, 2-113 
double-wall, 1-7, 2-6 
electrical design problem, 1-6 
errors, 1-148, 1-502 
correction, 1-205 
correction, vector method, 1-214 
measurement, 1-207 
monopulse, 1-186, 1-199 
prediction, 1-187 
fabrication, 1-391 
finishes, 1-408 
geometry, 1-111 
guidance, 1-16 
high-temperature, 2-327, 2-858 
homogeneous, 2-180 
inhomogeneous, 2-180 
loft lines, 1-115 
materials, 1-297, 2-24 
anisotropic, 1-55 
inorganic, 1-419 
magnetic, 1-54 





Radome (cont) 
materials (cont) 
organic, 1-2R1 
metal-loaded, 2-104, 2-125 
millimeter-wavelength, 1-80, 2-135 
missile, 1-40 
ogival shaped, 1-172, 2-433 
one-half wavelength, 2-31 
pattern distorted, 1-499 
placement, 1-445 
plastic, 1-391 
plastic-alumina, 2-269 
plywood, 1-5 
polyfRber, 1-365 
resonant-wall, 2-110 
sandwich, 1-9, 1.396 
design curves, 2-173 
search, 1-97, 1-99 
semistreamlined, 1.9 
shape, 1-60, 1-104, 1-297, 2-91, 2-97 
weight factor, 1-106 
size, 1-441 
limitations, 2-48 
skin temperature, 1-292 
slotted metal, 2-111 
solid-wall, 2-117 
spheroidal, 1-61, 1-68 
strength factors, 1-297 
supersonic, 1-16 
3urluce inhomogeneities, 1-210 
transmission efficiency, 1-496 
reflection, 1-498 ; 
scattering technique, 1-194 
structural sunport, 2-149 
structural design, 1-281 
subsonic, 1-282 
testing, 2-60 
thick-shell, 2-67 
thin-shell, 2-31 
toroidal, 2-250 
tunable, 2-181, 2-133, 2.185 
types, 2-3 
wall, measurements, 1-462 
wall thickness, electrical, 1-468 
wedge, 2-104 
wire giid loaded, 2-106 


Rain, classifications, 2-292 


environment, 2-201 

erogion, 1-11, 2-203 _ 
cnatings, 1-385, 1-344 
mechanism, 1-345 
Plastic materials, 1-886 


Rain (cont) 
erosion (cont) 
rain gun, 2-207 
rocket sled, 2-210 
simulation, 2-206 
subsonic, 1-331 
supersonic, 1-17, 1-331, 1-860 
test, 1-332 
test results, 2-228, 2-230 
time vs. missile velocity, 2-281 
frequency, 2-201 
gun, 2-207 
intensity, 1-355, 2-201 
particle size distribution, 2-205 
rate vs. altitude, 2-204 
resistant materials, 2-203 
Rainfall, accumulation, 2-202 
intensity, 1-356 
rate, 2-202 
Range, ballistic, 2-209 
boresight, 2-397, 2-406 
Ray tracing, 1-189 
techniques, 1-521 
boresight error prediction, 2-101 
Reerystallized glass, 2-862 
Rectangular waveguide, 1-485 
Reentry, ballistic, 2-418 
glide, 2-418 
vehicles, 2-450 
orbital decay, 2-418, 2-426 
Reflection, 1-447, 2.132 
coefficient, 1-520 
complex, 1-470 
interferometer, 2-310 
logs, 2-38 
measurement, slotted line method, 1-499 
near-field, 1-102 
phase chift, 1-630 
plane-wave, 1-28 
radome, 1-498 
test, 2-350 
Reflectumeter, 1-500, 2-337 
high-temperature, 2-359 
microwave, 2-353 
Refraction, 1-148 
magnitude, 1-148 
plane sheet, 1-66 
plane-wave, 1-31 
theory, 1-76 
Refractive shift, 1-54, 1-67 
Retractoriness, 1-481 
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Refractory glass, 2-862 
Reinforced plastic radomes, 1-366, 2-295 
Reinforcements, plastics, 1-874 
Resin bath, 2-304 
hvbrid impregnation, 2-206 
pre-impregnation, 2-805 
wet-dip, 2-304 
Resin-fiberglass laminate, polyamide, 2-444 
organic, 2-441 
Resins, DER-DEN, 2-318 
dielectric properties, 2-821 
epoxy, 1-339, 1-872, 1-403 
laminating, 1-18 
melamine, 1-868 
phenolic, 2-819 
phenylsilane, 2-820 
polyester, 2-816 
preparation, 1-892 
properties, 2-815 
silicone, 2-319 
systems, interlaminar shear values, 2-297 
Resistance, driving-point, 2-117 
impact, 1-29€, 1-429 
therrnal shock, 2-28 
Resonance, 1-487 
Tiasma, 2-438 
Ri. nant cavities, low frequency, 2-378 
dielectric measurements, 1-494, 2-870 
Resonant-wall radomes, 2-110 
R-F generator, 1-495 
Ribs, metal, 2-151 
Ring, geometry, 1-219 
dielectric, 1-208, 1-214 
Rocket motor exhausts, 2-235 
Rocket sled, 1.355 
rain erosion simulator, 2-217, 
test facilities, 2-211 
tast results, 2-213 
track, SNORT, 2-211 
Roll run, 1-207 
fixed polarization, 1-209 
Roll stabilization, 1-441 
R-7146 silicone resin, 2-320 
Rubber boot, 1-317 


$ 


Sandwich, “A”, 1-238, 1-271, 1-544, 1-569, 2-92, 


2-94 
construction, 2-5 
alumina materials, 2-268 


Sandwich (cont) 
“B" 1-238, 1-271 
construction, 2-5 
radomes, 1-11, 1-47 
“on, 1-458, 1-572 
radomes, 1-47 
cylindrical, 1-308 
design, 2-89 
design curves, 2-173 
double, 1-563 
flat, 1-38, 1-301 
honeycomb, 1-10 
isotropic, 1-806 bai 
loaded core, 1-18 
multilayer, 1-239, 2-121 
radome, 1-9, 1-396 
alumina, 2-289 
construction, 1-378 
glass reinforced, 1-408 
multilayer, 1-8 
single, 2-129 
symmetrical, 1-41 
thick-skin, 2-129 
wall, 1-123, 1-301 
buckling, 1-801 
lightweight cores, 1-464 
Sapphire rod dilatometer, 2-392 
Scattering, 1-218 
patterns, 2-158 
radome error prediction, 1-194, 2-102 
target, 1-156 
Screening tests, 2-240 
Search radomes, 1-97 
electrical requirements, 1-99 
Sector scanner, 1-441 
Selectron 5016, 2-816 
Selectron polyesters, 2-251 
Sensitivity measurement, Pyroceram, 2-365 
Sequentlal lobing, 1-183 
comparison, 1-147 
Shaped-beam antenna, 1-450, 2-155 
Shapes, anechoic chamber, 2-398 
Shapes, electromagnetic window, 2-97 


Shapes, radome, 1-60, 1-104, 1-297, 2-91, 2-97, 


2-99 
ellipsoidal, 2-7 
ogival, 2-8 
parabolic, 2-8, 2-10 
yOwer, 2-8 
requireraents, 1-194 
atreagth factor, 2-70 
typical, 2-98 
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Shear loade, 1-308 
Shear strength, core, 1-298 
Shear stress coefficients, 1-303 
Sheets, dielectric, £-69 
Sheffield thickness gage, 2-346 
Shift, refractive, 1-54 
Shock front, 1-455 
Shock testing, 1-327 
Shuck wave, etfect, 1-348 
refraction, 1-458 
Silica, fused, 2-278 
vitreous, 2-278 
Silicate, barium aluminum, 2-443 
lithium aluminum, 1-424 
Silicone resin, DC-2106, 1-890, 2-319 
R-7145, 2-820 
Silicones, 1-369 
Simulated isotropic plasma, 2-487 
Simulation, rain erosion, 2-206 
Simultaneous lobe comparison, 1-188 
errors, 1-137, 1-147 
Single-horn interferometer, 1-466 
Single-horn reflectometer, 1-470 
Single-layer walls, 1-464 
Single sandwich radome, 1-259 
Single sheet, 1-106 
Sintered fused silica, 2-260, 2-275 
finishing process, 2-291 
radome fabrication, 2-290 
surface treatrnents, 2-291 
Sintering, 2-287 
Sintering process, fused silica, 2-291 
Size, radome, 1-441, 2-48, 2-91 
alumina, 2-288 
Sizing, glass-fabric, 1-375 
Skin layers, curing, 1-394 
Skin temperature, alumina radome, 2-246, 2-250 
transient, 1-287 
Skin thickness, 1-259 
Skin tolerance, 1-573 
Sled, rocket, 1-855 
Slip-cast, forming, 2-286 
fused silica, 2-441 
sintered fused silica, 2-276, 2-278 
emittance, 2-279 
Poisson's rutio, 2-277 
specific heat, 2-278 
strength, 2-277 
thermal conductivity, 2-277 
thermal expansion, 2-278 


Slip casting, 1-420 
fused silica process, 2-291 
pressure, 2-287 
Slip control, 1-420 
Slutted arrays, nose cone, 2-144 
Siutied laminates, 1-33% 
Slotted line, 1-494 
phase shifters, 1-509 
radome reflection measurement, 1-499 
Slotted metal radomes, 2-111 
transmission coefficient, 2-111 
transmission loss, 2-112 
Slotted waveguide, 2-138 
arrays, TE mode, 2-138 
arrays, TM mode, 2-138 
Snell’s law, lossless dielectric, 2-173 
S-994 glass, 2-802 
SNORT rocket sled track, 2-21] 
Sock process, cire-longo, 2-809 
Solid sheet, 1-464 
dielectric, 1-120 
Solid wall, 1-801 
buckling, 1-302 
construction, 2-4 
dissipation factor, 1-475 
radome, 1-288, 1-241, 2-117 
bandwidth, 2-117 
construction, 1-i .8 
design curves, 2-172 
one-half wave, 2-117 
transmission coefficient, 2-118 
transmission curves, 2-128 
Sonic point heating, 2-421, 2.424 
Space frames, 2-149 
quadripod, 2-150 
Specific heat, air, 1-288 
alumina, 2-266 
messurements, 2-384 
Pyroceram, 2-274 
slip-cast sintered fused silica, 2-278 
vs, temperature, beryllia, 2-282" 
Spherica) mode transformation, 1-197 
Spheroid, 1-61 ; 
Sphervidal lens-radome, 1-79 
Spheroidal radomes, 1-03 
Spinel, magnesia-alumina, 1-424 
Stabilization, 1-439 
antenna, 1-443 
Stagnation point, electrical effects, 2-20 
heaiing, 2-420 
Stagnation temperature, 1-286, 2-15, 2-17, 2.46 





Static testing, 1-321 
eleveted temperatures, 1-328 
instrumentation, pressure, 1-825 
Steatite, 1-420 
bisque firing, i-4Z2Z 
final firing, 1-422 
radome batch preparation, 1-420 
radome casting, 1-421 
Stop bands, 2-118 
Streamlined lens-radomes, 1-77 
Streamlined radomes, 1-66 
focusing effect, 1-66 
Strength, radome, 1-297, 2-70 
shape, 2-70 
slip-cast sintered fused silica, 2-277 
tensile, 2-885 
thermal environment, 2-70 
vs. temperature, alumina, 2-264 
Stress, cylindrical ring, 2-66 
electromagnetic window, 2-426 
methods, 1-300 
rupture, 1-316 
thermal, 2-44 
shock, 1-309 
thick-shell radomes, 2-67 
thin-shell radome, 2-67 
variation, 2-68 
Structural design, hypersonic, 2-426 
radome, 1-281 
window, 2-416 
Structural factors, 2-47 
Structural requirements, 2-22 
Structural support, 2-149 
Structural testing, high-temperature, 2-229 
Stypols, 2-316 
Subsonic radome, 1-282 
Subsonic rain erosion, 1-384 
ceramics, 1-340 
glass, 1-340 
Supersonic aircraft, 2-462 
Supersonic missiles, 2-452 
Supersonic radomes, 1-16 
Supersonic rain erosion, 1-17, 1-360 
parachute testing, 1-858 
test methods, 1-351 
Supersonic wind tunnel, 2-232 
Support, axial, 2-149 
Support, effect on rain erosion, 1-338 
Surface-reflection interference, 1-449 
Surface temperature, 2-14, 2-29, 2-419, 2-424, 
2-426 
baliistic reentry, 2-425 


Surface treatment, 2-125 
Surface-wave dielectrometer, 1-494 
Symmetrical sandwiches, 1-41 


T 


Taper, 1-206 
Target depolarization, 1-154 
Target scattering, 1-156 
Tayloron phenolic-nylon, 2-449 
TE mode slotted waveguide arrays, 2-138 
Teflon, 2-319 
Tefion TFE, 2-450 
‘Temperature, 1-325 
boundary layer, 1-291 
distribution, 1-284 
effects, 1-837, 1-482 
equilibrium, 1-287 
high, dielectric materials, 2-862 
radomes, 1-378, 1-477 
reflectometer, 2-359 
structural test setup, 2-239 
structural testing, 2-239 
test facility, 2-237 
testing, 2-358 
transmission gage, 2-868 
recovery factor, 1-290 
skin, 2-287, 2-292 
surface, 2-14, 2-29, 2-419, 2-424, 2-426 
Tensile strength, 2-385 
measurement, 2-69 
Tensile thermal stress, 2-17, 2-30, 2-47 
Tension, glass fiber, 2-303 
Tensioner, electromagnetic, 2-803 
friction, 2-308 
magnetic, 2-308 
‘Terminal guidance, 1-148 
Tests, 2-60 
electrical, 2-32, 2-68 
elevated temperatures, 1-827 
environmental, 1-326 
low temperature, 1-327 
rain erosion, 1-332 
results, 2-213, 2-228, 2-280 
reflection, 2-350 
rocket sled, 2-211 
screening, 2-240 
supersonic rain erosion, 1-351 
thermal, 2-62 
thermal! shock, 1-326, 2-229 
thr ough-transmission, 2-850 
Thermal buckling, 1-295 
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Thermal conductivity, 1-284, 1-429, 2-380 
air, 1-289 
alumina, 2-267 
beryllia, 2-282 
cui-bar, 2-381 
Pyroceram, 2-273 
slip-cast sintered fused silica, 2-277 
Thermal diffusivity, 2-382 
Therma] environment, 2-70, 2-416 
Thermal expansion, 2-890 
alumina, 2-266 
beryilia, 2-281 
ceramic materials, 1430 | 
Pyroceram, 2-278 
slip-cagt sintered fused silica, 2-278 
Thermal factors, 2-26 
Thermal properties, 2-62 
dielectric materials, 2-379 
Thermal shock, 1-284, 2-429 
environment, 2-28 
resistance, 2-28 
stress, 1-309 
teats, 1-826, 2-229, 2-240 
oxyacetylene burners, 2-252 
oxyhydrogen burners, 2-233 
oxypropane burners, 2-232 
Thermal stress, 1-295, 1-318, 2-16, 2-44 
tensile, 2-17, 2-30, 2-47 
Thermally reflective rain erosion coatings, 
1-344 
Thermocouple, 1-826 
Thermolag 600, 2-452 
Theta patterns, 2-145 
Thick-shell radomes, stresses, 2-67 
Thick-skin single sandwich, 2-129 
Thickness, 2-38 
core, 1-275, 1-298 
dielectric, 2-354 
electrical, 1-478 
face, 1-298 
gage, 1-406 
microwave, 1-406, 2-351 
null shift measurements, 2-352 
ultrasonic, 2-348 
honeycomb core, 1-378, 1-396 
measurement, 2-311 
one-half wavelength radome, 2-31 
sandwich wall, 1-128 
solid-wall, 1-238 
thin-wall radome, 2-31 
tolerance, 1-48, 1-521 


Thin flat sheets, 1-56 e 
Thin homogeneous flat sheet, 1-33 
Thin-shell radomes, stresses, 2-67 
Thin wall, 1.190, 2.112 
construction, 2-4, 2-30 
radome, 2-31 
Three-layer “A” sandwich radome, 1-6 
Three-layer sandwiches, 2-120 
Through-transmission test, 2-350 
Tiles, alumina, 2-271 
‘Time sequential antenna systems, 1-136 
‘Time sequential lobe comparison systema, 1-182 
Tip radii, 2-29, 2-48 
TM mode slotted waveguide arrays, 2-188 
Tolerances, 1-404 
core, 1-573 
thickness, 1-48 
Tooling, 1-401 
Toroidal radomes, 2-250 
Transfer molding, 1-400 
Transformation spherical mode, 1-197 
‘Transmission, 1-118, 1-278 
characteristics, 2-90 
coefficients, 1-37, 1-520 
axial ratios, 1-61 
elliptical polarization, 1-51 
homogeneous radomes, 2-130 
inhomogeneous radomes, 2-180 
lossless plane sheet, 1-85 
slotted metal radomes, 2-111 
solid dielectric sheet, 1-119 
solid-wall radome, 2-118 
variation, 1-149 
constant, 2-84 
contours, 1-106 
“A” sandwich, 1-48, 2-128 
solid-wall rademe, 2-128 
efficiency, 1-24] 
radome, 1-496 
tunable radome, 2-133, 2-135 
gage, high-temperature, 2-358 
impedance measurement, 1-486 
resonance method, 1-487 
loss, 2-33 
E-plane, 2-39 
H.-plane, 2-40 
lens-radome, 1-80 
slotted metal radome, 2-112 


_ millimeter-wavelength radome, 2-136 


parallel-ray, 1-75 
plane-wave, 1-28 
thin wall radome, 2-80 








Trappe. waves, 1-77, 1-151 

Tunable radome, 2-181, 2-138, 2-136 
Turbulence, 1.455, 1-458 

Turbulent heating, 2-421, 2-424 
Two-horn interferometer, 1-465 


U 


Ultrasonic grinding control, 2-310 
Ultrasonic thickness gage, 2-848 

Uniform ground illumination geometry, 1-98 
Unsymmetrical air loading, 1-282 


Vv 


Vacuum injection, 1-899 
VC-8359 epoxy resin, 2-316 
Vehicles, ballistic reentry, 2-451 
hypersonic, 2-453 
Velocities, hypersonic, 2-41'7 
effect, 1-364 
VHF radar, 1-8 
Vibration testing, 1-827, 2-251 
Vibrational forces, 2-52 
Vidrin, 2-298 
Vibrin 136, 2-300 
Vibrin 135-186A, 2-315 
Vibrin polyesters, radlation effects, 2-251 
Vidigage, Branson, 2-348 
Viscosity, air, 1-290 
Vitreous silica, 2-278 
properties, 2-275 : 
VSWR evaluation, free-space, 2-405 


Ww 


Wafile core, 1-300 
Walls (see also “Paneis”’ entries) 
construction, 1-297, 2-3, 2-23 

fluted core, 1-299 
framed-in-place core, 1-299 
honeycomb, 1-298 
laminated, 2-5 
lost wax core, 1-300 
millimeter-wavelength radome, 1-84 
prefabricated foam, 1-299 
solid, 2-4 
waffle core, 1-300 


Walls (cont) 

dimension tolerances, 1-521 

gage, electromechapical, 1-47: 

half-wave, 1-121, 1-191, 2-117 

laminate, 1-478 

Mesasurenieits, 1-400 

sandwich, 1-123, 1-301 

solid, 1-301 

thin, 1-120 

thickness, 1-118, 2-46 

page, 2-346 

tolerances, 1-477, 2-44, 2-80 
Waveguide, circular, 1-485 

coaxial, 1-485 

dielectric measurements, 2-867 

principles, 1-483 

rectangular, 1-485 

slotted, 2-138 

wall, loss correction, 1-490 
Wavelength, free-space, 2-38 
Wedge radome, 1-6, 2-104 
Weight 1actor, 1-106 
Wet-dip resin bath, 2-304 
Wind tunnel, supersonic, 2-232 
Window, ablative, 2-429 

electrical design, 2-416 

electromagnetic, 2-448 

flut, 2-431 

structural design, 2-416 
Wire grids, 1-39, 2-106 
Wollastonite, 1-425 


X 


X-band, 1-509 
Xonotlite, conversion, 1-425 


Y 
Yaw, stabilization, 1-441 


zZ 


Zircon, 1-424 
Zirconia, 2-282 
Zytol 101 polyamide resin, 2-219 
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